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ABSTRACT 

The purpose of this investigation was to determine 
the relative effects that different percentages of kaolin 
clay within a soil mixture might have on the factors in- 
volveá in electro-osmosis, 

In order to provide a better understanding of the 
investigation, introductory information regarding the necd 
for research into the phenomenon of electro-osmosis is 
given, along with a brief review of some of the previous 
Work in this field. Some basic concepts of the theory of 
6lectro-osmotic flow a4 presented, followed by an introe 
duction to ths basic concepts of the nature of clays, 

The apparatus used in the tests is described, and 
the procedure for the series of tosts is outlined. A dctailed 
Gxplanation of tho method of preparing and using reversible 
silvsr silver-chlorids olcctrodcs is given. 

A serics of scven tosts was conducted. Six of the 
tests involved the uso of the silver silvor-chloridc ole ct- 
rodos with varying porcentags mixtures of kaolin and sand, 
Uns test was conducted with nickel silver 616 60650 
له‎ 111 a comparison of the relative cffocts of different 
61661526006 materials on the factors involved in electro- 
osmosis, 

During cach test the sample was subjectod to an 
externally applied load intensity of 1/4 ett. in six or 


the tests a potential differensc of 2,7 volts botwcen 


lx 


TE 








cloctrodos was applicd, with resulting potential gradicnts of 
۱۰۱ ۵ LO 1,560... In ONG bos r gpho appliod potential was 1435 
volts, and the potential gradient was „68. Readings of timc, 
eurrent flow, Nholeht of piczomGtrie risa, ana change ol 

sampls thickness were recorded throughout each test. Tho 
heights of piozomotric riso wero plottod against tino, and 
uscd in determining clectro-osmotic pormeability relationships. 
Atterberg limits and hydraulic permeability were detcrmined 
for cach samples, both before and after clectro~osmosis, 

Most of the results of the tosts aro presented in 
tabular or graphical form, and various aspects of the results 
are discussod. ¿lectro-osmotic flow occurred in all samples 
containing 205 or more of knolin. Atterberg limits and has 
draulic permoability decreased after elcctro-osnosis. 
Zlectro-osmotic permenbility was found to be considorably 
greater that the natural permenbility in all semples con- 
taining appreciable amounts of kaolin. 

Silvor-silver chlorids electrodes worc moro of- 
fcctive in producing 6lcectro-osmotic flow than were nickel 
silver electrodes, Ihe silver-silver chloride clectrodes 
also cffoctively sliminatcd the problem of unrcliabls height 
of piczomctric rise determinations associated with nickel 
silvor and soms othcr types of clsctrodes by eliminating the 
evolution of ges in the cathodic chamber of tho oloectrosmo- 


meter. 
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INTRODUCTION 


Since the sarliest prehistoric times man has con- 
structed facilities which he considered necessary or desir- 
able for his comfort, health, or safety. At first these 
facilities consisted primarily of simple and primitive 
personal shelters. «as civilization advanced, and man gained 
more construction knowledge, his structures developed into 
more elaborate ones for the social, cultural, and economic 
welfare of the community or group as well as the individual, 

That man has been able, even since the earliest 
days of recorded history, to build practically any structure 
He given sufficient support in materials, labor, and time, 
and a suitable Site, is indicated by such truly great con- 
struction feats as the Pyranids of Egypt, the Temples of 
Babylon, and the Great wall of China, as well as sore of 
the more complex and awe-inspiring structures of today. 
ver, whereas in ancient times structures could generally 
be placed at locations that were most satisfactory fron a 
construction standpoint, today such freedom of choice of 
location is not normally the case, and choice of location is 
dictated by other considerations, 

„very structure, whether large or small, must be 
founded on soil or rock. Since most structures rest on soil, 


the role of soil as a foundation material and as a con- 





struction material is one of fundanental importance. Most 
construction materials have been developed to the point 
where they nay be nanufactured or controlled such that their 
physical properties are well known, and their action under 
load predictable. However, soil, the one material which is 
encountered in the construction of most structures, is a 
very complex material, and only within the last 30 or 40 yoars 
has our knowledge of the physical properties of real soil 
been accumulated (25) (26), and concerted effort made to 
develop to any appreciable degrees the potentialities of soil 
mechanics. ven though many significant advances have been 
made in recent years in the study of soil behavior, and the 
information now availatle is a tremendous asset to the 
engineer in the design of foundations and sarth structures, 
there are still many problon areas for which definite 
answers aro not available. 

One of the most perplexing and very often costly 
problems encountered in foundation and sarth structure work 
is the unwatering of the construction site in order to 
stabilize the soil and to provide safe and dry working areas, 
A considerable number of diverse methods ror accomplishing 
this result have been advanced, but the very existonce of a 
number of different methods is further indication that the 
Problem is a complex ons. Valssons,, cofrerdems, and pulse 


heads are cffoctivo under some conditions, but are expensivo, 








ir 





É 
and in many cases impractical. Such methods as well points, 
grouting, chemical stabilization, and vacuum pumping arc ef- 
fective under ideal conditions, but they are primarily limited 
to soils possossing a certain degree of natural permeability. 
In finc-grained soils of low permeability, such as saturated 
clays, they are generally non-effoctive. For this nase 
there exists a requirement for a relatively simple and in- 
expensive method of unwa tering construction sites in fine- 
grained silt and clay soils, 

As previously indicated, soil mechanics is a 
relatively new science. It has been defined (25) as tha 
Serentitic approach to undérstanding of soil action, or tie 
Science dealing with al phenomena which affect the action 
of soil as associated with engineering.  -hrough this 
scientific approach, the ssarch for a satisfactory method of 
removing water from construction sites in clay soils has led 
to renewed interest and investigation into the applicability 
of the long known, but little understood phenomenon of 
electro-osmosis. This phenomenon, in basic terms, is the 
movement of a liquid with respect to a solid produced by an 
externally applied electrical force. Ina soil this consists 
of applying a direct current to electrodos placed in the 
soil. The water then moves from the anode to the cathode 
where it may be removed by pumping or by gravity. 


aven though there have been a considerable number 





of laboratory investigations and somo fiold appii <- TOn Ea 
electro-osmosis in the last 20-25 years, most of the in- 
vestigations have been sporadic and unrelctod, and most of 
the field applications have 0860 under the direction of one 
man = =- Dr. Loo Casagrande. Our knowledge of this 
phenomenon has increased considerably but a neod for much 
more investigation is indicated before precise answers re- 
garding its practical application to construction problems 
can be given, 

with this nesd in mind, this investigation was 
undertakon in the hope of providing an increass, however 
small it may be, in the understanding of the phenomenon of 
elsctro-osmosis and its application. “hs investigation was 
intended to parallol somswhat an invostigation by Wallace 
(88), but investigating the offect on a different clay, and 


using eloctrodos of a differont material. 
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PART II. 
HISTORICAL ESVISW 


Basic knowledge of the existence of the phenomenon 
of electro-osmosis is accepted as having been known for more 
than a century. However, investigations regarding its ap- 
ication to enginecring problens hevo been limited to com- 
parativoly recent years. its first practical application 
Bore construction project was less than 80 years ago By 
Casagrande (7), although a numbor of laboratory and field 
investigations had been made a few years before. 

In more recent years a greater number of investig- 
ations as well as a few field applications have been made, 
Gia brief review of some of the findings ond applicaticns 
ae) Do made here for seneral information. In à number of 
casos other persons than those cited have produced similar 
findings. If a more conpleto roviow of past work is de- 
sired, Attention is invited to works by Casagrande (9, 10) 
and Preece(19), which should be readily available, and by 
Koonce (18), Casngrande's report gives a complete reviow 
of past and present work, with the author's comments on the 
1۳1 ۱101 papers reviowed, and is thus particularly useful, 

The discovery of the phenomenon of clicctro-osmosis 
is generally croditcd to a who found in 1807 that wator 
would flow through & porous LI fron tho anode side to 


the cathode side, when an clectric current was applied to 





the systen, 

In 1861 Quineke formulated the hypothesis that an 
electrification exists at the contact Surfaces oras on sn 
mould prior to thc applicntisen of any cxtarmek elec rare. 
potential (17). Then, depending on the relative sign of the 
Original chargo, oither the solid particles or the ۵ 
will migrate te the appropriate polo apon the application of 
Aielo cinical potential, Folmhic15:% prsosentod tho first 
mathematical troatment of thasacuabies Payor cOncopuemm te] 
(is). Although the conount 92 tho stricture has been modified, 
the modern mathematical soncGept is based on Holmholtz's as- 
Sumptions, and provides what is genorally 5665560155 o 
basis of elsctro-osmetir Flow today. 

Dr, Lco COnsaz-t ndo has undoubtedly been the fors- 
most eontrioutor to modern vrogrcss in tho fiold of slectro- 
ENUOSIS. HG has. done @ cOnsidcrable amount of roscarch, 
and has successfully appliscd the phcnomcnon to a number of 
onginoering projeets. Based on the discovery that boy using 
aluminum electrodos instead of other motals, clay soils are 
Se 0111129504 and hardened irreversibly, he applisd for 8&8 patent 
in Gormany in 1934 (9). Subsequently, he also obtainod 
petents on the process in thc Unitod States and Switzorland, 

In 1936 indoll and Hofrman studicd (13) the harden- 
ing or clays by treatment with aluminum electrodos, b^5sod on 


Cesagrende!s mothod. Their findings indicated that Attorbergs 








liquid limit and the friction angle ( g) ars incrcäscd And 
thet the moisture content is substantially لو تال با‎ nc 
soil is treated by this method. They conclude that this 
first attcmpt to harden cimy soils for engincóring purposes 
"rests on a sound theorotioal basis" and that "there aro 
Exod lont prospects for a successful application of this 
mothod in all cascs of foundation and mining ongincering in 
EM 05 201120117012 soft clay is encountorod." 

On tho basis of favorabie modol test results, 
Casagrando in 1957 conductod full scale fisid tests of his 
method (9), wood piles worse sheathed in 1 millimeter thick 
sheet aluminum ovor its cmbedded longth. The soil at the 
site was a homogencous cleycy silt of high conpressibility 
and moisture contont. Baaring capacity or the piles before 
treatment was 7 to 9 tons por pilo, Treatment resulted in 
án inoronsc to an avcrage maxımum boaring capacity of about 
40 tons por pilo, 

the first large scale practical application of 
Glectro~osmosis to an actual engineering project was made 
by Casagrande (5) in 1939. During excavation of a long rail- 
way cut at Salzgitter, Germany, ssrious flow slides were en- 
countered which provented decpening af the cut. After only 
One day of clectro-osmotic trcatmant, sxcavation was able 
to proceocd to complétion with steep and stable sido slopos, 


A socond large seale application of clectro- 
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8 
osmosis was made by Casagrando when unstable conditions were 
sncountered during cxcavation for U-boat pens at Trondhjem, 
Norway (5). Zlectro-osmotic treatment permitted successful 
excavation, even with practically vertical slopés. 

In 1947 Precce (19) producsd an excellent peper 
summarizing the pertinent facts and theory of electro-osmosis, 
With particular attention to the Helmholtz theory and physi- 
cochemical reactivities. He gives a comparison of electro- 
Q notic rates of flow and hydraulic flow as result of 
laboratory tests, but his findings of decreased liquid limit 
and plasticity index nro at variance with the findings of 
Engell and Hoffman; 

Winterkorn's paper (30) of 1947 reviews the 
Helmholtz thcory for the electro-osmotic flow in rigid capil- 
Eales, ang points out that for a saturated capillary system 
thc electro-osmotio permeability is a function only of the 
porosity and the physicochemical inter-relationships bctween 
the solid surface and liquid. “rom experiments he also con- 
cludes that sloctro-osmotic perncability is not a constant, 
but varies with moisture content and applied potential. 

In 1948 Bernatzik (2) stated that his experiments 
had shown that electro-osnosis does not produco stresses in 
the pore watcr or in the soil structure. (Casagrande takes 
issue with this conclusion, and ststes that "it is evident 


from tho research conducted by severol workers in this 





n 
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fiold that cloctro-osmosis causes tension in the pore 
water " (9). 

OMNES. do Buryn, and Joustra (14) conducted ex- 
periments concerning natural and Slectro-osmotic permeability, 
on apparatus similar to that used in the current investig- 
ation. They also doveloped mäthemnticnl equations for 
eleectro-osmotio porme^bility ond electro~osmotic head, or 
height of risc in a piezometor tubo. Their experiments 
Showed thnt although tho height of rises theoretically become: 
maximum at infinito tine, it actually ronched a maximum aná 
then gradually decreased, 

In 1953 Shukl: (22) concluded from his investig- 
ations that electro-osm3ic trostmont docreased Adderberg 
limits and increased shc-.r stroneth, pormeacility, md cons 
Be essıbıility, He showed = mirked decresse in liquid limit, 
preeemiuch Smaller decrease in plastic limit. 

Boyor, Hart, “nd Kondnor (3) conclude from their 
Studies that slectro-osmosis in conjunction with sand drains 
in soft ground would produce adventnges of reduced settlo- 
mont timo, permit increased drain spacing, 5220 6 
dangor of failure. 

Wallaec (28) in 1957 concludcd that cloctro- 
osmotic trcatrient of an illite and sand combination, using 
niokol-silvor electrodos, inoronscs the Adderberg limits, 


poducos hydraulic permerdility, ana produces 4 ۱۵ ۱ ES 








10 
slectro-osmotie permenbility which ranges from 20 to $20 
timcs ns great as the hydraulic pormeability, and that ths 
degroe or clectro-osmotic permeability doereascs with do- 
crcasing illite content, 

The above has been but a bricf outline of sone of 
the past work in this field.  Howovor, it providos an in- 
dication of some of the progress that hes been mide, as woll 
as some of the various and sonctimss conflicting rcsults that 
have been obtained. It appcars evident, that additional ro- 
Eon in tho 1010 is required, not only to cloar up some 
of the conrlictions, but also to provide information in 


areas thet have not previously becn investigated, 
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DOCU ID 
THEORY 


Ata Introduction 


Just as thoro have boon a number of differing ru- 
sults and conclusions obtained from studiss of clectro- 
osmosis, thoro havé boon a numbor or thcorios and concepts 
advanced to explain the occurrcnes of the phcnomenon.  How- 
ovor, Holmholtz formulatod tho still gonóorally accoptod 
theory (30), and it can probably best bc cxplainca through 
his hypothosis. 

Sines this paper is concerned primarily with per- 
mcability relationships ana rcletod factors, the theory of 
Misses roletionships will be presented, and the modificd 
E 1111015-25 cquation of eluctro-osmotic flow discusscd. Also; 
bcecausc the primary engineering intorcst in slectro-osmosis 
1S in regard to its possible application to problems in- 
volving claysy soils, and because clays arc so complex, sone 
mm ormation and baSic conccpts of the nature of clays will 
also be givon, 

Zurther information nay bo obtainsd from tho work 
9۳ ۲ ۵00 (19), which contains an excclisnt summary treat- 
mont of many of the basic eonecpts and factors regarding 


clays and cloctro-osnosis, 


B. Basic Concepts of „loctro-osmotic Phenomenon 


Zlectro-osmosis is a phenomenon Which occurs in & 








12 


solid-liquid mixture whon the mixture is subjectcd to sn ox- 
Gornally epplisd potential, or electromotivo torco o ge sn n 
there Arc two phenomena which may be caused in a solid-liquid 
mixture by an applicd potential. One phonomcnon occurs whon 
unm Glectrical potcntial is applicd to a predominantly liquid 
system in which arc suspcnded solid particlos of colloidal 
ezo. in this casu the solid particles move within the (1 mG 
Ta the Glectrical poles, and the phcnomcna is callcd 
clcetrophorcsis,.  lP£, howovor, tho systom is predominantly 
solid particlcs, the liquid movcs Within thu system toward 
3 Of the clectrical polcs, and the phenomena is uloctro- 
osmosis. 

it is porhaps odvis^blo at this timc to point out 
Gib there is a distinct 011126 2026 botwoeen osnosis and 
Glectro-osmosis. Ii two solutions of diffcrent concentration 
ars soparated by an approprints somiepermeable membranc, tho 
molcculss of the solvent, but not those of the solutc, will 
tend to pass through the membrane from the solution of lower 
concentration to tho one of highcr concentration (19), 
Since electro-osnosis primarily concorns the movement of the 
liquid soluto, thc distinction bctweon tho two phenomena is 
evident. 

The systems in which clactro-osmosis occurs may 
S ingl capillarics, bundlcs of cepillaries, Or DODOEE 
Mateerinls (diaphrams) of n&turäl 622231225151 2 vor 


as soils or porous ceramics (30). The liquid may bc water, 





13 
or any other liquid substance possessing low, or botter, no, 
electric conductivity. Increases in conductivity of tho 
liquid produce decreases in the efficiency of clectro-osmotic 
liquid movonent, 

The theory of the existence of a double layer of 
Glectrically charged ions of the liquid oxisting at the solid- 
liquid interface enabled Helmholtz and subsequent investig- 
ators to explain the process of clectro-osmosis. Adjacent 
beeches solid surface thers is pictured to bs a fixed layer, 
formod by electrically charged ions of the liquid which cre 
adsorbed, or attached, to the surface by 0 ۵ 
Gfearess or vealences located in the surface of the solid, 

This is termed the fixed layer and is visualized as a thin 

rigid layer of ions of opposite charge to thoso of tho solid, 

and with its thickness dependent upon the nature of the ions, 

the strength of the electro-stetic forces, and the amount 

of adsorbed water (19). This layer bcing fixcd to the sur- 

face of the solid, any movement of the rroo liquid of tho 

system must be against the surface of this fixed layer of 

liquid ions rather than against the surface of the solid, 

The othor layer consists of a diffuso layer of ions of 

opposite charge to thoso of the fixod layer, and extends 

out into thc liquid phase © varying distances. ‘Seo Figure I. 
Holmholtz visualized the double layer as es- 


sentially similar to that of a condenser, the two layers 
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15 
being separated by very smell distances, and representing 
the parallcl pletes of the condcnscr. By applying condcnscr 
Pais i pice: he wes able to solve mathematically for the zcta 
Mecontial ( وا‎ The zeta potential is that portion of tHe 
total potential difforonce which exists betwecn the boundary 
scpareating tho layers and th outcr limit of the diffuse 
Payer. The total, or thermodynamic potontial differences is 
that which exists betwccn the bulk of the solid and a dis- 
tances somewhat beyond the outer limit of the diffuso layor 
(19). ‘the quantitative relationship between total and zeta 
potential is shown diagrammatically in Figure II. The total 
Potential dspends upon the charactor of the solid and the 
solution with which it is in contact, and the zota potential 
depends quantitatively upon tho total potontial, ana tho 
thickness of the fixed and diffuse layers. 

Any increase in the concentration of ions in tho 
diffuse layer will cause a decrease in the cffoctive thick- 
Bess Of the double layer and a resulting docrsase in tho 
z6ta potential (19). If the concentration is made suf- 
١7210911517 largo, the sign of tho zeta potential may 0 
201۳0 Or oven be reversed, the mignitudc and sign of the 
zeta potential will then depend upon tne nature of thc 
several factors which enter into the dcvelopment of the 
۳ ۱۱6۵ layer. 


“hen an externnl potential is applied across 4 


solid liquid interface, the movable diffuse layer of the 





6 

doublc layor 1s drsSplecod tangentially alone. the i n 
layer toward ono of thc poles, doponding upon tho sign of 
tho charge of tho diffusc layor. If ths movement takes 
EN cO in 2 capillary Ss the free weter in the tubc boyond 
thc diffuso layer will be draggcd along with the diffuse 
Beaver, end 5 small thread of water will be discharged at 
the Gnd of the capillary (19). This is thc theory of 
Glectro-osmosis in its simplest terms. Sinco anything which 
tends to dcercase the thickness of the doublo layer will 
٩180 ۳60000 the zot^ potontial, it boconos ovidont that tho 
Eis of discharge duc to a givon oxtornal eloctromotivo 
force will depend upon the magnituds of the zeta potential, 

The quantity of liquid moved through a single 
See lary in unit tinc under a given potential differences 


can be derived from thc modified Helmholtz equation (6): 


۳ of 


4 ML 
where 
dg = quantity of clcctro-osnotic flow 
E = the applied eloctric potential 
D = the GQicleGuric constant of theo liquid 
J: = the radius of the capillery 
(IS Cheeze EC poben imal 
AM = the viscosity of the liquid 
L = the length of the capillary between clectrodcs 


and all dimensions are in cgs and electrostatic units, A 
dctailcd development of this equation is given by Vey (27). 


¿rom this modified Helmholtz equation, Casagrends 
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(7) developed an equation for olcctro-osmotic flow which is 
Similar to Darcy's law governing laminar hydrcuric S ieee 
in the above Helmholtz equation we let Ë = ig, the potential 
ea dient, DA. ge (q, A constant (since most soils have a 
4 TTA ‘ 2 

0070505197013 constant zota potential (7) وا‎ and r TF => the 
Cross-sectional aren of the capillary, we then obtain for 


Hebe and velocity V of flow: 


£5 


Ie = Oy ie 


es e for cloctro-osmotic flow‏ ات 


compared to 
C ® 
nm Me 


5 for hydraulic laminar low 
Vn = Cp ip, à al 


(Š) 


A diagrammatical compnrison of cloctro-osmotic flow with 
00 0122:0116 flow in a Singls capillary is shown in Figuro IIl. 
memo licd to & bundle of N straight capilllarics of totel 
cross-soctional area A, With void rétio G, tho corrosponding 
total ratos of hydroulio and oloctro-osnmotio flow sro ro- 


Spootivoly: 


(4) Gh = Nah (a 6 


C i = 
tee 2) nA = Kh ina 





and 





(5) % = Nag = (Te %,) ig A EKG ig A 

whe rs Kp = the hydraulic cocfficiont of pormeability 

and Ke = the clectro-osmotic cocfficicnt of pormeability 
An important difforoneo betwoon hydraulic and 


Glectro-osnotic flow is emphasized by equations (4) and (5), 
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Whersas k, and the rate of hydraulic flow are proportional 
to the first power of the cross-sectional area of the ine 
dividual capillarics, k, and the rate of oloctro-osmotic 
mei? arc indcpocndent of the size of the capilleries. 3 
is an important diffcrence, and indicates that for a given 
acta potential, E. should bo the sume for sands, SIS os 
elas. Sinco hydraulic flow drainago is ineffective in 
در انا‎ bGcause of small pore size, the possibilitics of utiliz 
ing 01 0 61120-05210515 56 6 01046 apparent, 

Of course, it 1s rcocognized that the abovo equeétio:.- 
and flow conditions ars bascd on highly idealized conditions 
which do not actually exist in clays. Clays arc highly com- 
EES aS will bs points“ cut later, tho poros arc not 
steht capillarics, nor aro they uniforr throughout a gilvaı 
mass, and the void ratio docs not romain constant during 
gel6Gctro-osmosis, Howsvcr, this docs not detract from tho 
Meciulncss of the theory for visualizing what actually 
Seeurs. 

Gcuze, dG Bruyn, and Joustra (14) invcstigatcd 
clectro-osmotic Flow conditions through tho usc of an olcctros- 
u; lo Similar to ths one uscd in the current investigstion. 
mem onG fact that application of an clicctromotive force 
ExuScs water to risc in o pilozonctcr tube loentod just back 
EREUHC cathodc in the elcctrosmomctor, they adovclopcd a dif- 


ferential cquetion based on cloctro-osmotic flow in onc 


dircetion opposcd by hydraulic flow in the opposite mairecticn. 
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By Giticrcenvietine, they moe， 





kOt 
p 
WE RK ی‎ ee 
U kOt 
Era 
(o -1) 
Or 
kOt 
ENG 
(7) h x *o U (c =1) 
k kot 
Fd 
G 
whcrc 
ho = heienb دی‎ TUS Dove une constant llevo 
rra OC MC COST 
F = cross-scctional aren of the piczomotcr tube 
O = 012055-56 61510261 area 0 
Kc s cloctro-osnotic cocrficiont of pornoobility 
k = hydraulic cocfficicnt of permeabilit 
U = clectrical potential bctwocn slectrodcs in 
volts 
0 = distance botweon olcctrodcs 
65 2 CRG ACT mor natural loser) thm base 
the maximum height of risc theoretically occurs 
۶ 111111110 timc, or when t = in squation (7), and 
(8) hgax, 7 Ko U 


H:xsvor, thc hoight is found in actual tusts to rcich a 
naxinum, thon decrease with continued application of ox- 
ermal potential. There aro diffcrent opinions as to ۷ 
this dccreasc from maximum occurs, but Casagrande (9) at- 
[frit bucges 16 to decreases in hydraulic gradicnt and void 
ratio as a rosult of consolidation duc to clcctrical treat- 


ment, 





el 


Schaad (21) indicatcs thet tnhore arc scveral ro- 
markablc influencos affceting elcetro-osmosis which tho 
Helmholtz cquation neglects. Ho points out that these In- 
fluoneos are less eviäcnt and léss important in largs scale 
and ficid expscriments than laboratory tests, and that they 
have lcss effect noar the beginning of the tost, For this 
E Son 26 31201 051565 thet the valucs found in the bcginning 
۳۱۲۲۱۵ tost ars more accuratc. By difforontioting oquatica 
(7) with rospoct to timc, ond introducing t = O, he obtains 
an cquation for thc clcotro-osmotio coofficiont of porme- 


ability ko at the beginning of the tost: 


where 


cross-sectioncl arca of piczomctcr tube 
oeross-scotional aroa of tho senmplo 
U 
25611152521 52250115 d 
= the anglc between the tangent to the height 
Gi risc VS. tino curvo cnd iho Norizontal 
AE ZOro tine; 


© lz] 
no 


MN 


لعا بع 
١‏ 


Ihis volue of ka; is independent of the hydraulic coefficient 
k. Howsvcr, Butlcr (4) obtained velucs with equation (9) 
thet Wore in cxceptionally closc ogrccmont with those 
Sevaincd from cquation (6), 

There arco a number of other thoughts, ideas, and 


EHtorprotations of thcory of olectro-osmosis. However, it is 





Be 
belivvcd that the matcrial prcescnted above, along with some 
basic information rcgarding clays in the following subsection, 
should provids a basis for a satisfactory undcrstanding of 


thc tests conducted during this invostigation. 
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C. Some Basic Concopts of Clays 

In ordsr that a better understanding of chem oo 
of Glectro~-osnosis on & Soil-water systom may bc gained, some 
Bendamcntal econcopts of the nature of clays, tho activo 
fraction o£ soil, should bc understood, 

Bloctro-osmosis is said to bo fundamentally a 
phonomcnon of colloid and capillary ehomistry (27). That 3t 
can tharoforcG bo eloscly &ssociaà tod with clays is indicatce 
by tho definition of cinys as 0315262856 systems of tho col- 
loidal products of wonthcring in which sccondary minornl 
particles Of Shelicr 45 6551-9115 Than 2 mi eronsmpredemine u. 
۲ It has further been proven thet clays arc constituted 
Or distinctly crystelliac mincrals. 

When ions or moiceculcs combinc to form a erystal- 
linc solid, they tend to group thomselves in @ gcometrical 
Seeanescmcnt that will rosSult in thc greatest possible dcgrcc 
memeroctrical noutralization. “hc most clomcntaryv grouping 
mM a crystallina structuro is called a unit cell. For 
GlGetrical noutrelization within the structurc, the in» 
ternal cléctrostatic forcess must be balamcod. Tho source 
Or the cloctrostrtic chargs can bs considored an axcess 
EENDSEG on an ion, and an unsatisfied valence on a molecule 
(19), 

There arc two basic types of unit cells which are 
the principal constituants or the clay minerals., Those are 


the silicon-oxygen tcotrahodron and the cluminum-hydroxyl 








24 
octahcdron. Lach of thasc unit collis is bondod by elcoctro- 
Stctic forcos to unit cells of the seme type to form cae 
Blemontary lattices structurcs called the tcdrahedral و له‎ 
shect and the gibbsite shect, rospcctively. 

Bascd upon the charactcr orf their spacc latticc, 
@lay Mincrals arc clessificd into threo main groups, each of 
which takes its name from its principal member, These grovn: 
are kaolinite, Illite, and liontmorollinite. The clay 
mineral of primary interest to this investigation being Kao’. 
its space lattice is shown in Figure IV. ‘The arrangement 2” 
Sheets is such that they form a 1:1 lattice consisting of a 
Single silicon-tedrahedron sheet and a single gibbsite sheet 
bonded tightly together hy an equality of plus and minus 
valences. There is alsc a tight bonding between the adja- 
cent lattices due to a strong affinity between the adjacent 
oxygen and hydroxyl layers at the interfaces, or basal 
cleavage planes B-B, between the lattices, 

If the lattice were continued an infinite distance, 
it would be electrostatically neutral since there would be 
no unsatisfied valences., «Also, since separations along the 
basal cleavage planes do not produce broken valence bonds, 
this form of separation does not tend to inorease total 
Surface attractive forces. However, these separations are 
always accompäanisd by breakages parallel to the C=C plane, 
which must sever valenee bonds and tnerefore increase the 


number of unsatisfied valences (19). It follows then that 
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26 
the smaller the clay particle size, ths greater the number 
of surfaces, edges, and corners, and hence the greater the 
number of broken bonds and unsatisfied valences., This in 
turn means greater activity in the clay. 

The clay tends to satisfy the electrical unbalance 
caus6d by the unsatisficd valences by adsorbing ions from 
the surrounding solution. This is possible since ions are 
atoms that have lost or gained neutrons, and thus have a 
not negativo or a net positivo charge. The clay prefer- 
entially adsorbs a layer of negative ions, which themselves 
۳۲۳۲۱۲۲۱0 a counter layer of positivo ions to produce the 
double layer previously described. 

The thickness of the double layer and the force 
with which it is held to the solid are dependent on the size 
of the adsorbed ions, and tho degrec to which they are hy- 
drated. If tho originali soLution is replaced by onc con- 
png different ions, or ir entirely differont ions aro 
added to the solution, this may result in a decrease in the 
degree of hydration, or in a lower net chargc. In this 
case the new ions may replace the ions of the original 
doublo layer either in part or entirely. This is called 
base exchange (19). 

4s has previously beon discussed, the quantity of 
Glectro-osmotic flow depends upon the zeta potential, which 
in turn depends on the thicknoss of tho adsorbed layer, and 


the thickness or the diffuse layer. In view of this, and 
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the clay factors outlined above, it is readily apparent 
that clay soils should be readily adaptable to electro- 


osmotic flow, 
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rani e 
HATSGRIALS AND APPARATUS 


A. Introduction 

In order that the effect of kaolin content on 
ER 0 وو‎ and thoe permeability relationships in- 
volvod might bo investigated, it was necessary that an 
G6Glectrosmonctcr be available. Fortunately, an adequate 
6lectrosmometor was available among the cquipment of the Civi: 
onginsecring Dopartment of the institute. It had been con-: 
structed and used by Butler (4) and Tarran (24), and later 
used by Wallace (28). Its design is sxcellent for the pur- 
poses of the current investigation in that it can also bo 
uscd as a falling hcad posmcanctcr by moroly raising tho 
levcl of wator to tho dosircd hoight in thc piozomotcor tube 
end letting it flow back through the sample and out tho over- 
flow tubc on the oppositc sidc. This permits tho natural 
permcability to beo dctormincd both bcforc and aftor the 
cloctrical trcatnent of thc sanplo, without the necossity of 
proparing a soparatc samplo just for pormcability detormin- 
ations.  Somc modifications in thc apparatus vore found to 
bó noecossary or dosirablc, and woro mado. further details 
BEoneorning thosc nodifieations Will bo given lator. 

Also available within the Civil Engincoring Dcpart- 
mont was a variable dircet current powcr sourcc. This oquip- 


ment was madc available for tho investigation, and pornittod 





89 
the clectrical gradiont to bo naintainod at a dcsir ai 
figurc.  Currcnt flowing during clectrical treatment was 
00066511۳1706 on a thrcc-rango D.C. milli-anmetcr, and voltags 
Was moasurcd on a single range D.C. voltmcter, both of which 
WGro obtainod on loan fron tho zlectrical snginesring Dopart- 


ment. 


Be Tho Sloctrosaoonmotor 

Only a gcncral description of the clectrosmonctcr 
F ` I orod 50650115 for = satisfactory undcrstrnding or its 
operation, along with modifientions modo, will bc givon hero. 
۱۳۱ “long with « schemetic illustretion and several 
pictures, should provide ample basis for a satisfactory under- 
stending of the apparatus and its components. A complete 
discussion of the dosign and construction of the clectrosmo- 
meter is given by the designers, Butler (4) and Torr^n (24). 
EuSenonatio diagr.m of the eloctrosmometer and elcetrical 
squipment is given in figuro V. Ths apparatus is shown in 
use during a test in Figures VI and VII. 

ihe cylinder, or main body, of the electrosmo- 
ST 15 modo from a 4" inside dianeter lucite tubs 15" long, 
A 7" x 7" x 4" lucite collar with cutout to sizo of the out- 
Side diancter or the tube is cemented over each and of the 
minder. wach collar is drilled with 8 holt holes tc m.tch 
holcs in the two 7" square ond plates, which are bolted to 


the collars along with rubber gaskets for water tightness. 
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Sront Vicw of Blectrosmomcter 
and 316 521651 «¿qui pnent 
Figuro VI, 





Oblique View of ulsetrosmometer 
and Related sduipment 
Figuro VII. 
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A 1-1/8" thick sample holder with 2,505" diameter sample com- 
E ont. fits insido ا‎ portion or tho cy lina 
The outsids perimeter surface has. RE XDorod scoetronwso 
Ent a 4* 0.D rubber "O" ring canal around the sample 
holder and against the inside wall of the cylinder to seal 
off flow of water between adjacent sections of the cylinder 
except through the sample. 

Loads of various intensities can be applied to the 
sample by suspending weights from the loading arm. The load 
is transmitted to thc samplo through a stainloss steel 
Dilungsr which bears against the anode, which in turn is in 
contact with the sample, and frec to move longitudinally 
within the sample holdcr. The plunger enters the cylinder 
along its axis through a hole in the center of the end plat 
Leakage is prevented by an accordian typo rubber nipple 
which is ccmented to the enä plate and the plunger. The 
load is transmittcd through the sample to the cathode, which 
is backed up by the load bearing assembly. ‘whe load bearing 
assembly bcars against the right end plate, which is backcd 
up bY the thrust block, Since the thrust block is bolted to 
the base, there can bs no movement undor the load sxcept for 
Sxpansion or contraction of the sample, An eliptical track, 
self return bushing is located between the loading assembly 
and the cylinder to guide the plunger and to take any vertical 
Eonponents or thrust from it. 


A removable brass pointer is mounted on the 
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Left end plato with plunger, anodc, and lcad-in wire 
Brass pointer and àez2loction gaugo 
Loft bearing assembly 


Spacer gaskot uscd between loft bcaring assembly and 
samplo holàər 


samples holder 
Cylindcr or main body 
Rubber "O" ring 

Load bearing assombly 


Right cnd plate, cathode, and lead wire 


Parts and Accéssorics of the Main Body 
" of tho zslcctrosmomotor 
Figure VIII. 
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plungér between the loading assembly and the bushing, and 
makes contact with a derlection gauge mounted on the collar 

of the cylinder. This permits determination of consolidation, 
expansion or other movement of the samples, 

à tre tube ana relrer tubG or rigid vini G 
are bonded into tho top of tho cylinder on the anode side. 

A threaded plastic fitting is installed in the top of the 
eylindsr on the cathods sids so that the piezomotor may bs 
attachod or romoved when required. ihe piezonetor usod was 
a glass tubc with a cross-scotion of ,4995om^. A small tub. 
at the bottom connects the anode and cathode Sides of the 
200010301 and permit uniform filling and draining. 

Tho wires carrying the current through the osmo- 
meter pass through the cnd plates, to which thcy are pcr- 
mancntly scaled. Ths lead-in wires arce connected to thc 
cloetrode wires through a plug and jack conncetion. Tho 48 
wircs are cach soldered to a banana jack. A banana plug con- 
nects to each electrode wire by mcans of a set screw. The 
plug rits into the jack to forma satisfactory connection 
and permit disconnection and removal of the electrodes when 
required between tests. The exposed metal surfaces were 
coated with vaseline to provent current leakags, electrolytic 
mon on the rictal, and rust in the water. Figure VIII 
shows parts and acccssorics of the main body of tho olcctrosmo- 
moter, 


A glass roscorvoir with stopcock was installcod 
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abovs thc 3513120631 to provide a sufficicnt watcr supply to 
the filling tube in order that a constant hoad might bc 
maintainod. “(ho stopcock permits drip flow in ordcr to 
eliminate rroquont filling. 

The pase for thc asscmbly consists of a double 
thickness of 3/4" plywood mountcd on two 2" x 8" x 3/16" 
ca 6" angles running tho length of the basc. The cylindcr 
rests on 2 woodon cradlcs, and the cleptical track sclf- 
return bushing is mountcd on an oak block boltcd to the basa, 
Ths loading arm asscnbly and thrust block aro bolted to 
Woodon platforns bonded to thc base, 

In order to pormit casy dctcrnination of sampls 
thickness, a simplc calibration of tho comprossion dial was 
rcquircd. Thc apparatus was asscmblcd as for a test, ox- 
ccpt that 2 filter papers and a carbon disc, all of known 
thickncss, wcrc placcd in thc samplc holder instead of a 
samplo. With tho test load of 1/4 T/ft^ applicd thc brass 
pointcr was tightcnod at a marked point on tho plungcr, and 
tho compression dial read. The pointer was always placed 
at the samc locations for sach tust. With th6 dial rcading 
and thickness of thc electrodes at thc time of calibration 
known, it was an casy matter to 0601562211216 the sample thick- 
noss ror any test by algebraically adding thc difrioronco in 
theso figuros at a given time, 

Certain changcs in the apparatus were found to be 


nocossary to permit satisfactory or casicr opcration. The 
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basG was raiscd 4" above its supporting platform by insorting 
4" x 4" x 15" wooden blocks under tho onds and center of the 
base. Prior to raising it was oxceodingly difficult to reach 
under the basc and tightcn the bolts to the thrust block and 
self-return bushing through the 2" space allowed by the 
previously installed 2" x 4" blocks. Also, a 2-position 
brackst to hold the compression dial gauge was fabricated to 
prevent the gauge from slipping or dropping ag&inst the 
plunger arme 

It was found that the slight flow of water fron 
the reservoir pcrnitted by the dripping through tho stopcock 
tended to adhcre to the sidcs of tho filling tubc, and would 
gonérally go out tho top of theo overflow tube before roach- 
ing tho constant level. 4A thin 1/8" x 4" aluminum tube was 
split at the end and insortcd in tho top end of the rigid 
portion of the filling tubo, such that it extended below 
the constant head level. This sliminated the problem. 

Heights of riso in tho piezometor tubo that wore 
considerably groator than any proviously encountered nade 
two modifications necessary. Ihe piczometer was oxtonded 
to a height over two hundred and thirty-one contimoters 
above constant level. This was within 1 inch of the room 
ceiling. Thc high pressurs head causcd the sample holder to 
move laterally along the inside of the cylinder, from the 
cathode toward the anode side, causing the sample to be 


pushed out of tho holder by the plungsr as the holder moved, 
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This movement was possible because the sample holder was 
held in place within the cylinder only by the frictional 
resistance of the 4" rubber "O" ring which has been positioned 
between the s@mple holder and the cylinder wall by force. 
The original design provided positive sample holder position 
and stability control in the direction of the cathode only. 
This was provided by the load bearing assembly. To eliminate 
the movement, à left bearing assembly was fabricated. It 
consists of a length of 4" 0.D; lucite tube that just fits 
inside the cylinder, and extends from the sample holder, 
from which it is separated by a flat rubber gasket with 
9" center opening, to the plunger support attached to the 
left ond plate. Holes 1/2" in diameter were drilled in the 
top and bottom in locations opposite the filling, relief, 
and drain tubes to prevent blocking these entrances into the 
9۰ ۵۳ و‎ 

The connecting tube under the cylinder was a 
single pioco of continuous tubo with clamp, but with no open» 
ing to the outside to permit drainage. The tubs was cut and 2 
T's and additional clamps installcd to permit scparate sampl- 
ing and draining of water from the anode and cathodes sidcs 
of the cylindcr without inter-mixing. 

Prior to the test period it was noted m because 
of high heat and low humidity from steam radiators in the 
room, considerable cvaporation from the piczometcr tubo was 
occurring. ‘This amounted to a loss of almost 1 cm, of 


height of water in the piczometer tube in one 24-hour period, 
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Án anti-ovaporation dcvice was devised, and aftcr it was ín- 
stalled no further cvaporation was notcd. This consistcd of 
à 4" glass funnol inverted over a l-litor boakcr ond con- 
nected to the top of thc piczometer tube by means of a 1/4" 
flexible rubbcr hose. The beaker was filled with watcr and 
the circle of contact betwecn tho funnel and beaker was 
sealcd with cellophane tapc, leaving only a small opening 
through the pouring Spout of the beakcr. Thus, any tendency 
toward cvaporation in the piczomctcer was counter-acted by 


n usbuosphoric prcssuro of cvaporation in ths boakcr. 


C. loctrical Componcnts and Squistmeont 

l. Zlcctrodus. Previous users of ths cquipmcnt 
ETA, 28) reported encountering difficulties in obtaining 
5011465216 piczonctcr risc readings duc to exccssive bubbles 
forning within the cylindcr as a rcsult of cvolution of gas 
at the cathods. tlcctrodcs in thosc instances consisted 
of porous nickcl-silvcr discs approximately 1/8" thick. 

It was noted fron tho papor by Rollins (20), 
that tno difficulties associntod with gas formation had been 
Gliminatcd through the usc of reversible silver silver. 
ride Gloctrodes. It was then dccided thet an attompt 
should bc made to producc and utilize electrodes of this 
typc for thc currcnt investigation. 

The diancters of the electrodcs ware déternined 


by tho design of the slectrosriomctecr and are required to bc 
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2.5" and 4,0" for the anodc and ecathods, respectively, 0 
natcrial sclected for the clcctrodcs was silver, finc grado, 
cut into circular discs fron 1/32" flat shocts. These were 
then perforated by drilling 1 mm holes with a standard No, 
60 drill, to a density of 64 holes/in.”, unifornly spaced. 
The entire anode, except for a small arca for attaching the 
wire, was perforated. However, only an cquivalcnt 2,5" 
diameter circular arce in the ccnter of the cathode was per- 
forated, Since that is the only arca of actual contact with 
the sample. 

The electrods wires were B&S standard 20 gauge 
fins silver, and wore attachcd to the clcctrodés by 8 
of silvor solder. Since difficultics were oncountered in 
initial attempts to attach thc wires, this scrvice was per- 
formed by a local jewcler. 

Prior to usc in the tests the silvor was chloridized, 
in a nanncr to bc dcscribed undcr Procedures, to obtain 
clectrodes of silver silvcr=chloride. Thess electrodes were 
then uscd on all except ono test. In the case of tho ox- 
ception, the previously mentioned nickel-silvcr eloctrodos 
were uscd in an attempt to obtain an additional comparison 
or the results of thess tests with those obtained by 
Wallace (28). 

2, Power Unit. A portable D.C. power unit belong- 
ing to the Civil nginsoring Department was made availablo 


for the investigation. Ths unit is a Fisher Powerhouse 
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No, 9-518 nanufacturcd by the ishor Scientific Coripany o 
When tho unit is attachod to a standard 115-volt 60-cyoclc 
line, it boconos a source of continuously variable direct 
or alternating curront. A built-in dry disc rectificr and 
filter is uscd as the dircct current source. The D.C. volt- 
ago varics from 0-10 volts and is controllcd by a largc dial 
On the front of thc unit. It has a maxinun current rating 
of 10 anpcres, but the current for thcsc tests was measured 
in mnilli-anporcs. The unit has less than 5% ripple at 
naxinun currcnt output, but there arc slight variations in 
the voltage output which arc causcd by variations in the 
A.C. supply. Since thc voltagc variation docs not cxcccd 
05 volt, it is of no inportanco in tho cffect it has on 
eloctro-osnosis, 

Motoring Control Unit. Although thore is a‏ وت 
voltmetcr and an ametor on the powcr unit, they could not‏ 
bc read with suitable accuracy in the rangos usod during‏ 
tho tests. Therefore separate moters, provided by ths‏ 
ilectrical snginecring Department, were used. The voltmeter‏ 
was a Weston Modcl 301, single range, 0-5 volts, D.C. The‏ 
O.l volt divisions gavc satisfactory roading accuracy. The‏ 
anneter was a Weston liil-Anmncter, Modsl 269, No. 15184, with‏ 
ranges of 0-15, 0-75, and 0-300 nilli-arnpercs. “ho two‏ 
lower ranges wore used during the clectro-osnosis tcsts, and‏ 
the upper ranges during the process of chloridizing the‏ 
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To olininete thc n6eossity of changing wiros oach 
01:10 a change in anncter range was requircd, and to provide 
a compact control unit, a metering and switching control 
pancl was constructed. This consisted of mounting tho volt- 
meter, ammcter, and togsie switches, along with necessary 
wire conncetions on a board on an inclined baso, Figure IX 
shows the metering control board, and indicates the wiring 
diagran used for tho tests, as woll as for cnloridizing 
و تا‎ ， 

oxcGpt ror the short lengths of silver vire bcs 
tween the electrodes and the banana plugs, and single strand 
Maple covorcd wires from the metering: control board to the 
Pee odos Guring chloridizing, all wires ussd for electrical 
connections were a standard 6-conductor, rubber insulated 
type. Yoke-typs rittings were crimped to thc ends ofr the 


Wires to provide for casy attachncnt to torninals. 
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PARTEN: 
PROGEDURE 


A. Ohloridizing of the Electrodes 

Prior to tho tests the silver 016 05200408 0 
chloridized by clectrolysis in 0.1 N hydrochloric acid 
solution to provide reversibls silver silver-chloride 
Glectrodos. This was dons so that undesirable gas ovolution 
at tho cathods during the tcst might be climinated. ‘the 
method used was based on limited information of the procoduro 
uscd by Goring and Mason (15). 

The chloridizing proccss involves the brcaking 
Gown of the clectrolyte, hydrochloric acid, with the passage 
of chloride into solution as ions and the liberation of hy- 
drogen to thc air as a gas. At the same time there is 8 
passage of silver from the anode into solution as ions, The 
chlorids ions and silver ions then combine to form tho in- 
soluble silver chloride salt (16) as follows: 

ale see 
Berta NA E 
e 

The solid silver chloride forms on the silver electrode, thus 
producing a resulting oloctrode of silvor base with a layer 
۱ 51197672 chlorids on the outside surfaces, 

The Glectrolyte container used was a 2-litcr boakor, 
The clectrolyts was prepared by mixing 200 cc of 1.0 N ECL 


With 1800 ce of distilled water, thus forming two liters of 
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O.1 N solution. A lucite support frame was fabricated for 
each size electrode. The frame for the size eloctrode to bo 
chloridized at a particular time was placed in the bottom of 
the beakor, with the notched support arms extending vertical- 
ly up into tho solution. The electrodes were placed in the 
notches of the support arms, where thoy were supported at 
three points around the circumforcnces In this manner, the 
olectrodes wcro supported horizontally in the solution, and 
about 2 inches above the bottom of the bcaker. 

The cathods uscd during clcctrolysis was a plati- 
num disc 1%" in diamctcr and .005 inches thick, and fused to 
a small platinum wire for conncction into theo cloctrical cir- 
cuit. The platinum cathode was thon suspcnded by its wire 
so that it was parallcl to, and approximatcly 3/4" dircctly 
above, the silvcr clectrodc in the clcctrolyto. The cathodo 
was hold at a constant clevation above the silvor olcctrodo 
by insorting a conical lucite peg into the hole in the 
cover, thus binding the oloctrodo wire to the cover, Both 
sizes of silvor electrodos actod as anodes during the 
chloridizing proccss. However, only one was processed at 
a time, 

The elsctrolyte was covered to prevent dust and 
foreign objects from entering. This was accomplished by 
using a 7" circular lucite sheet 1/4" thick, Which was drilled 
with two 7/64" holes for the electrode wires to pass through, 


and a 1/4" hole for the insertion of a stirring rod. The 
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electrolyte was continuously stirred mechanically by a glass 
rod with propeller shapod tip, attached to an electric vari- 
ablo specd stirrer supportod abovo the beakor, Current to 
the stirring apparatus was providcd fron a 115 volt wall 
plug, through a "Variac” variable currGnt control apparatus, 

Thc silver olsctrods wirc was attachcd by moans 
of a spring clamp to a singls conductor coppor wire fron tho 
positive terminal of tho metoring control unit. Tho piati- 
num cathode wiro was attachod in tho sanc mannor to tho ncga- 
tive tcrminal of tho voltmcter on the ne tering control unit, 
This is indicatcd schcmatically in Figuro IX, «xcept for the 
powcr unit and metering control unit, the cquipmcnt TOE the 
chloridizing operation is shown in Figurc X, 

Beforc boing placed in tbc elcetrolyto, tho olcct- 
rodcs were thoroughly washed with distillcd water, then 
02 88560 by immcrsion in a dilute solution of nitric acid (1 
part conccntrated acid to 4 parts distilled water}. An 
6mersion timc of approximately two minutes providcd adsquate 
clcansing without corrosion of thc vlectrodes. After rcmoval 
from the acid thoy were thoroughly washcd in distilled water 
again. After they were thoroughly driod by boing placed in 
an ovon at 110° for a poriod of soveral hours, their woights 
and thicknessos were dctormined, 

The olsctrods to be chloridizcd was then Placed 
On its support franc and lowered into the clectrolyts. The 


cover, with the stirring rod oxtending through, was placed 
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TWwo-litarboakser containing electrolyte 
Beaker cover 

Mariable speed stirrer motor 

Glass stirring rod with propollor shapod tis 
Platinum cathode 


Large silver eloctrode (before chloridizing) on support 
franc 


Small slocetrodsc (previously chloridized}) and support 
franc 


Equipment for Chloridizing wAluctrodes 
(Power sources and nctcring oquipmont 
not shown) 
FigurG AS 
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Viow of ülcetrod«e Chloridizing uquipmont 
During Chloridizing Operation 


Figuro LI: 
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ovcr the boaker. Tho elcctrods wircs worc clampcd to the 
wircs of t he 0100 1 هت‎ CianCcul و۲‎ ( EN stirring apparatus 
turncd on. hs current was then turncd on, and thc chloridiz- 
ing bogan. The current flow was sct at 190 milli-ampcros for 
eae 4.5" clcctrodc, for a currcnt donsity of 5 ma, per om. 

of clcetrode surfacc area, inco tho maximum range of the 
milli-ammcter was 500 ma, thc current for the 4" clectradés 
was sct at this figurc, with a rosulting currcnt donsity of 
approximatcly 1.8 má. pcr cm“, 

As soon as thc currcnt was turncd on, small hy- 
drogcn bubblcs wore noted forming and flowing off from tho 
Dlatinum cathodc. They continued to bo given off in a 
steady stroam all around the cathode and its attached wire 
When the currcnt was on throughout tho chloridizing proccss, 
Also within a fow moments after the current was turned on, 
the silver anodé bcgan to show a slight chango in color, to 
a greyish brown. lhc change in color was causcd by tho form- 
ation of the laycr of silver chlorido over tha silver. 4s tho 
laycr bcocamc thicker, ths color bccamc a shadco of bluc-grey,. 

As thc chloridizing progressod, thcrc was a steady 
dcerease in current flow, until after one hour the flow in- 
dicated on the milli-ammeter was approximately half the 
initial flow. At the one hour point the current was cut off, 
then the flow was reversed by switching the wires on the 
terminals at the power unit. This was dons to provide a 


porous layer of silver chloride. ‘tho current was allowed to 
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flow in the reverse direction for approximately 15 seconds, 
by which timc the slight deposition that had appeared on the 
cathode toward the end of the previous one hour period was 
removed. Also at about this timo & slight dischargc of hy- 
drogcn gas fron tho anode was notcd. ‘Theo current was then 
turnod off, and the wires again switched to thoir original 
terminals. Ths proccss was ropoated until a suitablo thick- 
ness of Silvor chloride had boon formed on the anodo, with 
the current being reversed every hour. 

When the current was again turned on in the 
original direction, the current flow instantaneously excecded 
the mnaxinun rangc of ths milli-ammeter scale. For this 
reason, and to prevent possible damage to tho meter, the cur- 
rent flow was directed through the by-pass line around the 
meter for about the first half minute. The current flow 
then decreased rapidly down to a valuc near what it had bcon 
beforc the reversal of flow. Inc flow was then incrcased 
by turning the knob on the powcr unit until the milli- 
ammo ter indicated thc original starting valus of 190 ma or 
300 ma., depending on whether tho 2.5" or 4" elcctrode was 
bcing treated. 

Whercas the current drop during the first hour of 
chloridizing was approximately 50%, therc was less drop for 
each succeeding hour. The drop amounted to only about 10% 
aber 4 or © hours for the 2.5" cisctrodc, and efter 6 or 7 


hours for the 4" electrode. After these times, it was 
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considered that a satisfactory thickness of silver chloride 
had becn formed, so the current was turned off without re- 
versing the flow after the final hour of anodizing of the 
silver electrodo. 

Arter being removed from the electrolyte, the 
Glectrodcs werc again washed by allowing distilled water to 
flow ovcr them to remove the acid, but without rubbing or 
otherwise handling thce troated ee They werc then 
dricd, and again woighcd and calipcred for thickness. They 
were then ready for use in tho eloctrosmometor during tho 
6lectro-osmosis test of the soil samplc.  Howcvor, until the 
timc for the electrodes to be actually inserted into the 
osmometer, they were stored in a 25265605604 location in a 
cabinet where they would not bc exposed to the light rays from 
the sun or fluorescent lights, sincc these light rays have a 
deteriorating cffect on the silver chlorides. 

After a test in the slectrosmomster, tho silver 
chlorido layer on the cathode was thinnor and less tightly 
bonded to the silver, and it tended to flake off in sheets 
in the areas where the bond was loose. „or this reason, 
the remaining silver chloride was removed from the cathods 
after each use in the osmomctcr. The romoval was accomplished 
by immcrsing the clectrode in concentrated ammonium hydroxide 
until the remaining silver chloride was sufficicntly loosened 
to where it could be scaled off, The cathode was then ready 
to be rechloridizcd for further usc in the same manner ås 


before, 





al 
The anode normally appcarecd to have a tightly 
bonded and moro stablc laycr of silvcr chloride aftcr usc in 
a test. For this rcason, tho layor was ronovod only if it 
appsarcd to have woak spots. Thon, after being cleansed in 
distilled water only (no nitric acid), the anodc was rechlorid- 


ized by adding to thc laysr romaining on tho electrodo, 


B. Sample Charactcristics 

The soil samples used in the tests of this in- 
vestigation were composed of mixturcs of kaolin and fine 
grained sand passing a No. 40 sicvs. ‘The general chemical 
composition of Kaolin is: 

Al4Si4010(0H)a。 

The particular kaolin uscd was obtained from Wards 
Natural Science ustablishment, Inc., Rochestcr, New York, and 
occurs in a clay pit in Dry Branch, Gcorgia, Dana 492. This 
clay was determinod by Dearth and Williams (12), through x-ray 
analysis, to bc 90% pure kaolin. 

The Attcrberg limits of the kaolin were determined 
to be: Liquid limit 45.7, plastic limit 27.7, and plasti- 
۳۱۲ index 16.0. The specific gravity is 3,598, The clay 
as 0 was in solid lumps, varying in size up to about 
three inches. For this reason, it was necessary to grind it 
to powdered form in a mechanical grinder. 

thc sand uscd was Cow Bay Sand, so named because 


it came from Cow Bay, Long Island, N. Y. it was in stock at 
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the institute, having proviously been obtained from a local 
building supply company. It was prepared for uso by sieving 
out the coarse particles, and retaining only those passing 
the No, 40 sisve. The minus 40 sizes particles used were ap- 
proximately 90%. angular quartz, about 9% rock fragmcnts be- 
lievod to be of forro-magnosium composition, and small 
amounts of whits mica and schist. 

| The specific gravity of thc sand was detcrmincd 
to bo 2,72. As received, it had bccn previously washed, and 
was considorcd to be sufficiently cloan to use without 
furtner washing, 

Ihe Attcrborg limits for cach sarplo were obtained, 
as nearly as possiblo in accordance with A.S.Tli. Standards 
4R5-54T and 424-54T, prior to testing, and at the conclusion 
of tho test. The void ratio was obtained at the start of .. 
Gach test, and the natural pormcability was determincd with~ 
in the electrosmomctcr prior to, and at the conclusion of 


clectrical tosting, 


Ce Sample Prcçou5aration 





In ordcr thet the only avpreciable difference in 
the samples for the diffcront tcsts should bo the varying 
kaolin-sand percentage relationship, it was considered ncccs- 
sary that all samples be preparcd under as ncarly 1 001 ۸1 1 
conditions as possible., 


It was also considsrcd appropriatc to havc the 
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samplo undor somo load, and that tho load for cach sample 
should bc the samc. A load of 1/4 ton por tt.” was con- 
sidorod to be satisfactory, and consistent with tho loading 
uscd by Wallacc (88) in his investigation with illitc. Suf- 
ficiont wcight was suspcndcd from tho loading arm to pro- 
vids this load on thse sampdlc, In ordor to prevent apprcoi- 
able consolidation of thc sample from occurring during the 
tast, the samplcs worc prepared scveral days prior to the 
testing date, and werc preloaded with sufficicnt weights 
to apply 1/4 T por ft.*, 

Representative samples of kaolin and sand were 
mcasured for cach tost. They wore mixed by dry weight to 
give tho desircd porcentago of onch in the mixture, It was 
found that a total weight of 400 gm, gavc about the most 
satisfactory volumc of samplo, and made tho dctornination of 
the weight of each material to provide tho proper percentage 
mixture A simple matter. dhs kaolin wore added in small in- 
eremcnts in a large poreclain dish, and thoroughly dry mixcd, 
Thon sufficient distillcd watcr was added to bring tho mix- 
ture to anproximatcly the liquid limit. It was mixed by 
hand with a spatula until it appoared wet throughout, after 
which it was thoroughly mixed by using a houschold tyze food 
mixer. 

The samplc was then preparcd for preloading. This 
was accomplished by placing the soil into 25" I.D. lucite 


tubs anproximatcly 4" long. ‘the soil was placcd in thin lifts 
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Sie bop Of a carbon disc and {Liter paper which had proviously 
boon placed in the bottom of the upright tubc. Tho tube was 
placed vcrtically in a 33" soil sample tubo lid, and after 
Gach lift of sample was placcd into the tubc, tho lid and 
tubG werc picked up together and tapped gently on à rubber 
pad. This assisted in distributing the samplo ovconly in the 
tubc, and oxpolled any onträppced air bubbles from ths mixturc, 
After a sample height of about 23" had been attaincd, another 
filter pepor and carbon disc voro placed on top of tha sample. 
The sample was then placed under load in the preloading frame 
for a period of about 4 to 6 days. The top and bottom porous 
carbon discs woro supplied with water and kent wet to pre-e 
vent drying of ths sample, Figures XII shows samples under 
load in tho preloading frame. This procedure resulted in 
samples that wore roletively uniform and free of air voids. 
The remainder of the mixed sample was placed in an 
air tight jar and allowed to set for a minimum of 24 hours 
to provide a more uniform distribution of moisture in the 
sample, and a more complete hydration of the clay. This 
portion of the sample was then used to obtain Atterberg 


limits, 


D, Assembly of Apparatus and Sample 
After the sample had been preloaded for a suitable 


period of time, the load was removed, and the sample was 


ready to be inserted into the sannle holder for the test, 
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Just prior to removing the load from the sample, the sample 
holder, a carbon disc, two filter papers, and two ó" diameter 
thin flat glass plates were weighed. One plate was placed on 
the work table, with a filter paper, the carbon disc, and the 
simple holder, with anode side down, placed on top such that 
the carbon disc lay within the lower portion of the sample 
cavity. 

The soil was pushed through the preconsolidation 
tube. until the porous disc and filter paper that ware under 
the sample during preloading were just beyond the ond of the 
tube. The disc and filter were carefully removed in order 
to prevent damage to the bottom of the sample. The tubs 
was then contered over the sample holder, and the sample was 
pushed directly into the sample holder. ‘this was accomplished 
by applying pressure to the to» porous disc with a piece of 
13" copper tubing. The sample was then cut off flush with 
the eathode side of the sample holder by using a wire type 
cutter. The other filter paper and glass plate were im- 
mediately placed over the exposed end of the sample to pre- 
vent loss of noisture until the sample could beo weighed, 

A small quantity of the unused portion of the 
sample mixture wos then immodiatcly placod in a weighing con- 
tainer for initial moisture contcnt determination. The test 
881071 وت‎ along with the glass plates, filter papers and carbon 
disc, was then weighed, after which the moisturo contont 


sample was weighed. In this way the wcight and moisture 
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content of the sample wcro obtaincd so that thoy might bo 
used with the sample volume in detormining the initial void 
ratio of the sample, 

After weighing tho sample, tho top glass plato 
was romovcd, and tho small rubbcr "0" ring was placed over 
the bevcled end of ths sample holdor. It was found that, by 
leaving the ring near the cdgs of tho beveled section, it 
would remain on while the sample holder was being iwe erted 
into the osmomctcr. Tho holder was picked up from tho 
lower glass plate And carbon disc, and insorted into tha 
80 9۳۱000 end of tho cylindor, and slowly pushed into position 
near the center of the osmomctcr. Bxtreme carc was neces- 
sary in pushing the sample holder in order to provent hind- 
ing, displaccment of the "O" ring, or damage to the sample, 
À largo 4" rubber stopper on a mctal rod just fit inside tho 
cylinder and was uscd as a pusher to apply oven pressure. 

"Ihon the propcr position was reached, he pusher 
was insertéd in the anode end of the cylinder, and the sample 
holder was pushed back toward the cathode end. This caused 
the "O" ring to roll up the beveled edge of the sample holder 
and become firmly soated between the holder and the cylinder 
wall. The holder was at this time slightly nearer to the 
cathode end than it would be in its final position, 

At this point the cathods was inserted into ths 
cylinder and placed into position against the filter paper 


which covered the sample. ‘The load bearing assembly was next 
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inserted. The cathode wire extended through the bearing as- 
sembly, and was connected into the circuit by means of tho 
banane jack. The end plate was then bolted into position, 
and when the bolts were tightened the sample holder was 
pushed toward the anode side and assumed its correct final 
position with the cathode bearing firmly against the sample. 

The osmometer was then turned on end with the 
anode end up, A filter paper was placed over this end of 
the sample. ‘The left bearing assembly was inserted at this 
point for thoss tests run aftcr it was constructed. The &nodo 
was then insortod against the filter papor, and tho wirc 
plugged into tha circuit. The plunger was placed in contact 
with the anode face, and the left omd plate bolted into 
position, with the deflection gauges attached to the outer 
facc. The osmonctor was then placed on the cradle, with tho 
plunger through the self return bushing, which was not bolt- 
ed down. The brass pointer was tightened in the correct 
position on the plunger. 

The clectrosmomotcr was now filled with water, and 
all possible entrapped air removed. The piezometer tube was 
Screwed into position, and the water reservoir connected 
to the filling tube. after the thrust block and self return 
bushing were bolted into position, the load was applied to 
the plunger. The electrical wires from the osmometer were 
then connected to the terminals of the metering control unit, 


and the apparatus was ready for the actual test to begin. 
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i. "Testing Procedure 


Since some minor disturbance and rebound apparently 
occurred in the sample during the tine that the sample and 
apparatus were being assembled, the apparatus was left stand- 
ing after the load was applied until there was no further 
movement indicated on the compression dial. After the stable 
dial reading ws reached, the water was raised in the piezo- 
meter tube to a height of 85-90 cm, above the constant level. 
The connecting tube was clamped shut, and the water allowed 
to flow back down the tube and through the sample so that 
the natural permeability might be determined before the test, 
The time required for a drop in head considered satisfactory 
varied fron a few scconds for low clay content samples to 
several hours for those of high clay content. 

After the final water height and time wêre reo- 
corded, the connecting tubo was oponod, so that the water 
level on both sides of the sample was equalizod. The con- 
necting tubes clamp was closed again, and the apparatus was 
now ready for electrical testinge 

The reservoir stopcock was adjustcd to drip flow, 
then the currcnt was turned on. The applied potential for 
all tests except one was Sot at a constant value of 2.7 volts, 
For tho one excoption, the voltage applicd was half this 
Figure, or 1.55 volts. Initial and subsequent periodic read- 
ings of time, current flow, htight of rise in the piezomster 


tubs, and compression dial were recorded throughout the test, 
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The tests continued until the maximum height of risc had pas- 
sed, or until therco was an overflow of the piczometer tubo or 
other indications that normal electro-osmotic flow was no 
longer occurring. 

Upon completion of the electro-osmotic test, ths 
power was turned off at the power unit, and the current and 
voltage induced into the sample was determined by reversing 
the wires from the electrosmometer to the metering control :. 
unit. Samples of water from the anode sids and the cathode 
Side of the cylinder were taken by separately opening the 
drain tubes of the two sides. These water samples were used 
to determine the difference in pH values on the different 
Sides of the soil sample after electrical treatment. The pH 
values were determined by using an electrically operated 
Beckman pH lleter, Model M, as manufactured by the National 
Technical Laboratories, South Pasadena, California. 

After the pH test samples wore taken, the water 
was completely drained from the cylinder. The apparatus was 
then dismantled, and the soil sample removed from the electros- 
mometer, Small portions of ths sample were immediately taken 
from the anode face, the cathode race, and the middle part 
of the sample, and placed in weighing containers for moisture 
content determinations. A section of the sample was set 
aside for observation arter drying. The remainder had a 
small amount of water added to it, after which it was 


thoroughly mixed to break up the structure which had been 
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formed during the test. It was then placed in an air-tight 
jar and allowed to set for a minimum period of 24 hours, 
after which post test Addsrborg limits were determined. This 


completed the testing procedure for each sample, 
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RGSULTS AND DISCUSSION 


A, General 

As has previously been indicated, there has been 
little uniformity in previous investigations and applications 
or electro-osmosis. “his has been due not only to a lack of 
an organized overall program of research, but also to varia- 
tions in aims and objectives, procedures, methods, equipment, 
and materials among different investigators, With this in 
mind, it was known from the outset of this investigation 
that there would be little opportunity for direct compari- 
son or correlation of results obtained with those of other 
investigators. It was for this reason that the method of 
procedure adopted for this series of tests was intended to 
generally parallel that utilized by Wallace (28), and a 
Pr ion of that utilized by Butler (4). In this way it 
was hoped that by utilizing similar methods and apparatus 
there would be some opportunity for comparison of results, 
and that this investigation might possibly assist in pro- 
viding a basis upon which a continuing organized and cor- 
related program of electro-osmotic ressarch at Renssclaer 
Polytechnic Institute might be founded. 

In order to obtain a better comparison with 
Wallace's results with illite, it was originally intended 


that a series of 9 tests using Silver chloride electrodes 
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and varying kaolin < sand mixtures from 90% kaolin - 10% 
sand to 10% kaolin - 90% sand, with 10% incromental changes 
in each matcrial, would be made. Also planned was ono test 
with kaolin and the nickel silver electrodes used by Wallace, 
and one test with an illite-sand mixture and silver chloride 
electrodes. However, due to late arrival of some purchased 
materials, equipment breakdowns, and other unavoidable de- 
lays, it was possible to run only seven tests in the time 
fwemeranlie. hese consisted of six tests with silver chloride 
electrodes, and one toast with nickel Silver electrodes. All 
samples were kaotin-sand mixtures, 

Rather than a complete and dotailed discussion of 
the results cf each toust individvally, tho results of the 
series of tests as a whole will generally be discussed. 
Discussion of results of individual tests will be limited to 
those points in which there is a deviation from general 
trends, or for other reasons individual discussion is deemed 
advisable, This method of discussion appears appropriate, 
sínca the results of all tests tcnd tc follow a general 
pattern, 

For brevity and ease of refurencc, the samples 
Will be designated by a shortence numcrical representation 
of the respective percontages of kaolin and sand. The first 
numbor in all cascs will represcnt the percentage of kaolin, 
Thus, sample 90/10 mcans the sanplo consisting of a mixture 


of 905 kaolin and 10% sand. The designation 50/50 (a) in- 
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dicates the 50% clay - 50% sand sample in a test using silver 
chloride olectrodes, whereas 50/50 (b) represents the same 
sample mixture using whe nickel silver electrodes, Also for 
brevity and ror uniformity, the use of the word "treatment" 
hereafter will rofer to the application of the electrical 
potential to tho sampio so that electro-csmosis Securs, or 
the subjection of the samdle to Glectro-osnosis for a period 
of tine during the tost. 

À compilation of most of the rosults of this in- 
vestigation is présentcd in Tablo l. This tabls, the graphs 
N US. plozomcto- riso and currant, and the raw data 
tapulations in the Appendix together provide a relatively 
Eee summary Presentation of the actual dircet results 
P iS investigation, 

No post-tesv obscrvations o? determinations could 
be madc on the 90/10 and 80/20 samples sinse these samples 
disintegratsd in the slectrosmonetcr duc to movement of the 


Smile holcer unwcr exccoSssivGe pressurs head during the tests. 


B, Physical Appearance 
Before mixing, the kaolin HECO SRC white 
creamy appcarancas, and the sand vas a Light brown color, 
The samples then varied fron an off white to a very light 
brown color, depending upon the clay~sand percentage 
mixture. After treatmant during the sasts, all samples were 


darker in color, witn whe greatest change in color being in 
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the samples with high clay content that were tested with 
silver silver-chloride electrodes. The 50/50 (b) sample, 
which was treated with the nickel silver electrode, showed 
only a slight change in color, and less color change than 
the equivalent sample tested with the silver silver-chloride 
electrode. 

immediately after removal from the sample holder, 
the silver silver-chloride test Samples had a definite blue- 
grey tint which was just a lighter shade of the color of the 
freshly chloridized electrodes. However, the blue-grey 
coloring was not unirormly distributed throughout the sample, 
particularly in the samples of high clay content. On the 
other hand, after these samples were allowed to dry, there 
was less indication of the blue-grey coloring, and the 
color of each sample was uniform throughout. The texture 
of these samples appeared to be uniform throughout, both 
when wet just arter testing, and after drying, 

The nickel silver test sample varied in color and 
texture in thres distinct zones between the opposite faces, 
both immediately arter testing, and after drying. At the 
cathode face there was a zone approximately ,.2" wide that 
appeared slightly darker and slightly more granular than 
before testing. Adjacent to this zone there was a narrow, 
but very distinct zones about .05" thick, that was very 
granular and much darker than the remainder of ths sample. 


The zone appeared to be composed almost entirely of sand, 
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and was dark grey-green in color. ‘the remainder of the sample 
Showed very slight traces of green coloring, but not nearly 
as pronounced as in the narrow zone. The third and thickest 
zone extended to the anode face. This zone was only slightly 
darker than the zono at the cathode face, and not nearly as 
dark as the narrow inner zone. Also, the texture of the 
anodic zone was no different than before testing. There 

was very little cohosion botweon these zones, either when 

wet or dry, and the sample was casily separated along the 
inner zone. This laminated structure after treatment agrees 
with the results obtained by Butler (4), Tarran (24), and 
Wallace (28), in tests with illite and using the same nickel 
Silver electrodes. This is also in agreement with Casa- 
&rando's (6) findings regarding laminated structure and re- 
version of clay samplos to a more natural arrangemont during 
sleetro-osmosis, 

Except for the laminated 50/50 (b) sample, thore 
appearcd to be little 011101۳01000 in resistance to cracking 
between the fingers for the dry samples before and after 
treatment. There was also littis difference betwoen the 
action of the dry treated and untreated portions of sampls 
50/50 (b) when subdmorgcd in water. Both portions of the 
sample slumpod and disintogratod within 5 minutos after 
being submerged. However, all samples treated with the 
silvor silvor-chloride electrodes, excopt tho 10/90 sample, 


showúd evidence of hardoning as a result of treatment. When 
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the dry treated sample was submerged along with the dry un- 
treated sample of the same clay content, the untreated 
samples in every cass slumped and disintegrated within 
minutes. Howcver, the treated samples retained their general 
shape after submergsnce for periods of 8 hours for thc 20/80 
sample to over 24 hours for the 70/30 sample. Due to hack 
of cohesion and small amount of clay, the 10/90 treated and 
untrcated samples both disintegratod immediately upon being 
Submerged. 

Portions of cach treated sample were wrapped in 
a picce of absorbent dry paper towel, and placed in an air 
tight jar for moro than 24 hours, so that any loss of 
moisture from the sample would bc into the towcl. When re- 
moved from the jar, cach towel was almost saturated with 
water absorbcd from the sample. Those covering thc silver 
Silver-chlorido samples wore stained completely through to 
a dark grey-brown color., This was apparently from silver 
chloride that had been loosely deposited in the pores of 
the sample from the slectrodes, and passed out of the 
Sample with the water that flowed out by absorption into 
the towel. There was no appreciable change in color in the 
towel covering the nickel silver electrode treated sample. 
This indicates that tnere was less deposition of this 
electrode material, or that such material that was deposited 
was more tightly bound within the sample. 


Further evidence of large amounts of loosely 
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bound silver chloride within the samples after treatment was 
indicated by the discoloration or the liquid limit device 
after post~test liquid limit determinations. The bowl was 
discolored from the normal shiny brass color to a dark grey- 
brown, which even vigorous scrubbing With scouring powder 
would not completely remove. The natural brass color was re- 


stored only after cleaning the bowl with dilute nitric acid. 


Ce Atterberg Limits 

Before and after treatment values of Atterberg 
limit values are shown in Table 1. As was expected, the 
limit values decreased directly with decreases in kaolin 
content, both before and after treatment. Table 1 also in- 
dicates that there was a small decrease in each limit value 
after test. This agrees with the findings by Preece (19) 
and Shukla (22) of decreascd limits, but the decreases in 
the current case are not as great. However, this is opposite 
to the findings of Ohristensen (11), and of Butler (4), 
Torran (24) and wallace (28) using illite with nickel silver 
electrodes. 

Table 1 further indicates conformity of results 
between silver silver-chloride and nickel silver olectrodes, 
although there was slightly less decrease in limits when 
using nickel silver electrodes. It therefore appears that 
the Atterberg limit values for kaolin do not appreciably 


change after treatment. However, since this observation 
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is based on the use of only two different eloctrode materials, 
it is recognized that the use of sone other electrode 
materials might possibly produce substantially different re- 


sults. 


D. Moisture Content 

Moisture content values before test (initial), 
and aftet test (final) by sample zones, are shown in Table l. 
The final determinations were made by zones in an attempt 
to show any changes in moisture content across the sample 
that might nave occurred from electrical treatment, 

Casagrande (9) has implied that samples should 
be near the liquid limit for tests of electro-osmosis, 
Table 1 shows that in every case except the 10/90 sample, 
the initial moisture content after preconsolidation and 
before treatment, was slightly below the liquid limit, 
The reason for the consistent relatively high moisture con- 
tent for the 10/96 sample is not known. Wallace (28) postu- 
lates that higher moisture contents after treatment of a 
20% clay, 80% sand sample was due to loss of clay from the 
sample into the water during the test, because of disturb- 
ance in the water. Hven though there was a loss of clay 
noted from the 10/90 sample during natural permeability 
tests in the current study, this can not be advanced as a 
reason for the high moisture content, since the moisture 


content was even higher before testing. 





1 


The moisture content at the cathode face of the 
50/50 (b) sample appears to be in error. It is possible 
that the porous cathodic zone of this sample, indicated 
in ths previous subsection, may have drained considerably 
more than the remainder of the sample during the time when 
the apparatus was being dismantled and the sample removed, 
but is not considered likely that so much change can bo at- 
tributed to such drainage. 

Considering the samples treated with silver silver- 
chloride electrodes, the 70/30 and 50/50 555-05-5 which con- 
tained appreciable amounts of clay, exhibited increased 
moisture content after treatment, with the greatest increase 
at the cathode face. The 20/80 and 10/90 samples, with 
inappreciadle clay content, exhibited smaller moisture con- 
tent values at the anode and cathode faces after treatment 
than for the sanpls as a whole before treatment. It was 
noted that due to their relatively porous structure and 
small clay content, both these samples lost a portion of 
their clay content during natural permeability testing. 

It is considered possible that oach of theso samples con- 
tained greater moisture contents immediately after electrical 
testing than tha initial values, but that a portion of this 
water was lost by drrinngs while thc sanplcs were being re- 
moved from the semple holder. If this condition is the 

One that actually existed, then it would appear that the 


trentment of a kaolin-s^nd mixture with silvor silver-chlorido 
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MEI oss and in an electrosmometer in which there is 4 
continuous head of water on each side of the sample, pro- 
duces an increase in the moisture content of the sample, 
However, this is contrary to the findings of other investig- 
ators (4, 9, 28) with different sample and electrode 
materials. For this reason, and because of the variable 
values obtained, it is felt that any conclusions drawn from 
these tests regarding the effect of treatment on the moisturo 
content of the samples would be mere speculation. Thus 


these results are considered to 56 non-conclusive. 


3. Hydraulic Pormeability 
Values for hydraulic permeability, k,, obtained 


before and after treatment, ars shown in Table 1. It can 
be noted that generally the permoability values obtained in- 
creased with dscrenses in clay content, as was expected, 
However, the value for the 70/30 sample is less than those 
for the samples of greater clay content. A possible ex- 
planation for this variance from the normal trend, lies in 
ths longer preconso lidation londing time for this sample, 
All other samples were pre-loaded for a period of 5 or 6 
days, whercas tho 70/30 sample was subjected to the load for 
a period of 21 days prior to test because of £ change in the 
planned sequence of tests. 

The longer lording period undoubtedly produced less 


frec pore space for the watcr to pass through, sven though 
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the void ratio of this sampls, as indicated by Table 1, was 
not out of line in comparison to the othcr samples. This is 
considered possiblc bccausc the sample was kept in contact, 
at both top and bottom, with a supply of water throughout 
the preloading period. Thus the clay particles may have be- 
come morc hydrated, such that the additional thickness of 
adsorbed wator tendod to constrict thc flow of freo water 
during the permeability test. If this additional adsorbed 
water consisted of planar water (1), adsorbed by the un- 
saturated 7۵10۳80۵8 on the surface of tho kaolin lattice, it 
would have been comparativcly loosely hsld, even though suf- 
ficient to restrict flow of froc water. Thus it could still 
have been driven off at 110° c, during initial moisture von- 
tent determination, shus not affecting tho void ratio value, 
which was obtained through use of this initial moisture con- 
tent value, 

Except for the 10/90 sampls, all samplos tested 
with the silver silver-chloridco eloctrodcs had higher values 
of hydraulic permeability before treatment than after treat- 
ment, Ths values rangcd from 6,5 times as great before 
treatment for the 70/30 samplc to 17,6 times as great in the 
case of thc 20/80 sample. It is bclicved that tho primary 
reason for the reduecá permeability lies in the doposition 
of clectrode naterial within tho sanplc during tircatmont, 

As indicatcd undcr Physical Appearancc, abovc, there is 


amplc indication that dccomposcd cGicctrodc matcrials oxist 
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within thc samples after trcatmcnt. 

A number of other invostigators have found that 
permsability was decroascd after treatment. Geuze, de Bruyn, 
and Joustra (14) attributo it to electro-chemical phenomena, 
probably caused by the flocculating power of the anods 
cupric ions on the negatively charged colloidal soil parti- 
clés, and possibly by the formation of insoluble copper 
compounds within the sample due to the coppor anode used, 
Casagrands (9) attributes the reduced permeability to a do- 
crease of the hydraulic gradient as a result of consolidation 
of the clay by clectrical troatnent. 

The 10/90 sample indicated a higher value of hy- 
dr&ulic permeability after troatment. However, this is 
obviously an erroneous indication, Since it was noticed that 
a considerable amount of the clay was washed out of the 
sample during tho permoability eater both before and after 
m atment. Thus, in effect, the permcability test after 
treatment was on a sample of less clay content, in which a 
greator permeability could be expected. 

For tho 50/50 (b) sample, which was treated with 
the nickel silver Gleéectrodes, permeability values obtained 
before and after treatment were less than thosé on an cquiva- 
lent sample treated with silver silver-chlorido electrodes, 
this was not entirely unexpected because, seven though the 
electrodes were porous, no flow paths were visible through 


them, and they did not appear as though they would permit 
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as frec flow of water through thom as appoarod to be pos- 
Siblo through the perforatod silver silver-chlorido elect- 
rodes. Since the valucos obtainod with tho lattor porforated 
616 015200605 wcro in each case a little marc than two timos as 
great, it is fclt that tho diffcrenes in values obtainod with 
the differcnt clectrodcs on comparable samples is purcly að 
function of the relative porositics of the diffcrcnt clect- 
rodes e 

No post-trsatment permeability tests were possible 
with thc 90/10 and 80/20 samplcos bocausc the samplss wore 


destroyod when the sample holdcr moved within thc cylinder, 


F. Piozomotrio Hoight of disc and 


Alectro-Osmotic Pormoability 

Two methods of dctormining tho electro-osmotic 
permeability of a soil samplo wcro indicatod under Theory in 
Part III, Both methods arc depcndent on the height of riso 
Of watcr in a piczoncter tubs induced by cloctrical treat- 
ment. Because of this close rolationship botwocn those two 
factors, they will be discussed undor the same heading. 
Valuos of slectro-osmotic permcability obtained through the 
use of the formula and the maximum hcight of risc, when 
obtainable, and thosc obtained through ‘the usc of the slope 
of the tangont line to thc piczomotor riso vs, timo curvo 
at zoro time, aro givon in 15516 1, The height of rise vs, 
time curves, with thc corresponding tangunt lines at zoro 


ting superimposed, ero shown in Figures XIII through XVIII: 
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No curve for thc 10/90 samplo is shown because no riso was 
achievod during tho tost, 

VaLlucs of m&ximum hoight of riso werc obtained for 
the 50% kaolin samplcs only. In all cases of greater clay 
contont, tho maximum hoight of riso cithor 02000000 0 
height of the piczomotcr tubs, or obviously would have ox- 
copt for loss of thc sample during the test, 

The greatest height of riso previously obtained 
with the clectrosmomctcr was 124 cm, obtained by Butler (4) 
with a 100% clay (illite) sample. Tho groatost riso obtoincd 
by Wallace with an illite-sand mixturs was 58 cm with the 
90/10 sample. Therefore, the comparatively high heights of 
rise obtaincd wero not anticipatcd prior to the initial test. 

During tho first two tests, with 90/10 and 80/20 
samples, the samplcs wore lost whon thc height reached an 
estimated valus of approximatcly 175 cm. ‘The cause and man- 
ner of tho displacemont of the sample holdcr end samples 
was not imnodistcly obvious bGecauso the apparatus was un- 
attcnded at the time of failure in cach cass. However, 
aftcr the sccond failure and a carcful analysis of the 
olectrosmometer, it became apparent that there was insuf- 
ficicnt lateral support for ths sample holder to prevent its 
displacement in the direction of the anode undor the pres- 
sure heads of the abnormally high heights of riso being 
obtained. The left bearing plato was then fabricated to 


providc positive bearing agáinst theo loft end plate, and 
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thus prevent further sample holder displacements. 

It also became obvious that either the kaolin was 
considerably mors susceptible to electro-osmotic flow than 
که روت رانلل‎ that the silver silver-ehtorids clectrodcs ۵ 
considerably more active in producing clectro-osmotic flow 
than were the nickel silver electrodes. The 50/50 (b) test 
results indicate that both these conditions apply to some 
degree, This is indicated by the fact that the kaolin-sand 
sample and nickel silver electrodes produced & height of 
riss which was approximatoly twico as great as was produced 
by the samce percentage of illite and the same alectrodos. 


Further cvidence is provided by the fact that the silvor 


Silver-chlorids slectrodes produced a height of rise approxi- 


mately 4 tines as great as was produced with tho same por- 


centage of kaolin with tho nickél silver sloectrodes. 


Not only was tho maximum height of rise 4 times as 


ereat, but the ۵18 0110-0910011 6 0۵012181 010۳8 of permeability, 
Kg, obtained from tho formula and maximum height of rise, 
was approximately 7 times as great witn the silver silver- 
chloride electrodos, 

Except for the 70/30 samplo, all those treated 
with the silver silver-chlorids electrodes produced values 
of Kg Which were inversely proportioned to the kaolin con- 
tact, The 70/30 sample gave a value which was lower than 
that obtained with the 50/50 sample. Here again it is be- 


lisved that the fact that the ke value is out of lino when 
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compared to thc other samples, ís as a rosult of the longer 
preloading timo for this samples. It is to be noted that the 
values of both the hydraulic and electro-osmotic cosfficisnts 
of permeability for the 70/30 sample are slightly greater 
than half the valuss for the 80/20 sample, 

For the 70/30 samplc, which was cronologically 
the last test run, it was decided to usc only half the 
potential gradicnt used in all other tosts. The potential 
for this tost was then 1.95 volts, Thus, undoubtedly, the 
lower value of kg obtained for this sample was dus to the 
lowor applied potential. However, even with the lower 
potential gradient, tho height of rise obtained was so 
great that it ovorflowcd the top of the piezomoter tube, 
which extended to a height of 231.3 cm. above the constant 
head. when overflow occurred, tho tubo to the anti- 
evaporation apparatus was disconnected at the funnel, and 
inserted into a 100 cc graduate, so that the quantity 
of overflow might be checked. it was found that the rate 
of discharge for a period of thirty hours after overflow 
was identical with the rate of flow calculated from the 
rate of rise for 36 hours prior to overflow, 

It should be noted that there was no noticeable 
gas formation in the cylinder when using the silver silver- 
chlorids electrodes, and thus there was no difficulty in 
rending the height of rise. However, in the test using 


nickel silver electrodes, the samo difriculties in obtaining 
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accurate readings reported by other investigators were ex~ 


poricnced,. 


G. Applied Potential 

The potential applied in all tests except with ths 
70/30 sample was 2,7 volts. This value was selected to con- 
form to the potential applied by Wallace (28), However, 
Since the carbon disc spacer placed in the samplc holder 
When emplacing the Sample was thinner than the one used 
by Wallace, the samples in the current tests were slightly 
thicker than those of Wallace. “or this reason, the po- 
tential gradients were lower, and varied from 1,15 to 1,56 
ior the 2,7 volt applied s and was .68 for the 1,355 


volt applied potontial. 


He  Ourrent Ohanges 

The current flowing generally was at or noar its 
maximum value at the beginning of the test. It tonded to 
feo Slightly the first few ninutes, then decrease fairly 
rapdily until 5 to 7 hours after the beginning of the test, 
then smooth out into fairly steady flow. Curves of current 
flowing vs. time are shown in Figures XIX through XXII. It 
can be seen that there was no significant trend regarding 
the naximum current flow and the clay content of ths samplés, 
Howcver, there was a greater drop in current to the compara- 
tively steady rate with decreases in clay content of tho 


Samples, 
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"ho rapid and fairly largo drop in ل‎ ss 
early in tho test, followed by comparatively stoady flow, 
agrecs with thc results obtained by Wallace. This is in 
spite of findings by Casagrande (6) that a noticeable dc- 
creaso in current flow occurs only arter the water content 
hns occn reduced to a state far below the magnitudes which 
have any application in building practice. às hns proviously 
becn noted, thors was no indication of substanital reduction 


in watcr content within thc samples. 


I. Changes in wlectrodos 

Measurements of weight and thickness of the elect- 
rodes. used were made before and after sach test in order to 
determine the changes that might take place during the test, 
Results of the weight measurements are shown in Table 2. 
Electrode thicknesses are not tabulated, since the thick- 
nesses varied considerably across the surfaces of the elect- 
rodes. the greatest thickness in each case occurred in thé 
Vicinity of the electrode wires, and gradually decreased fron 
this area. The greatest decrease in thickness during the 
tests occurred in the central portion of the electrodes = 
the area of the anode in contact with the plunger, and the 
area of the cathode in contact with the sample. 

It should be noted that both the anods and cathode 
decreased in weight during each test, with the greatest de- 


crease occurring in the anode. This does not agres with the 
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results obtained by Wallace (28) with illite and nickel 
Silver electrodes. In Wallace's investigation after each 
ee. the anode had decreased in weight, and the cathode had 
increased in woight by a small amount, but the increase at 
the cathodes was not equal to the deercase in anode weight. 
Since the nickel silver cathode Weight increascd during sach 
test with illito, while the silver silver-chloride and the 
nicksl silver cathodes both dscreased in weight during 

tests with kaolin, it appears patent that in the electro- 
osmotic treatment of clay-sand mixtures, whether the net 
change in clcctrodo woights is a gain or a loss, depends, 

at loast in part, upon thc nature of the clay being treated, 
it also appears evident from these tests that the amount of 
electrode weight change during tho electro-osmotic troatmont 
of a particular samplo dspends upon tho matorial constituonts 


of the Gloctrodcs, 


J. pH Yaluos 


Tho pE valuc of tho wator from each sido of tho 
cylinder was detorminod at the conclusion of sach test ox- 
cept for the 80/20 sample. For the tests with silver silvor- 
chloridc clsectrodes, the valucs obtaincd when cGlectro- 
osmotic flow had becn produccd were greater on the anode 
side than on the cathode side. Valucs obtained from cach 
Side wcro lowcst for the Gxtrome high and low kaolin content 


samples, and highest for thc modian 50/50 percontago samplo, 
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Tis rango of valuos for the anodo sido was 9.40 to 7.2-0 na 
for the cathode sidc it was 5.28 to 6.70. For thc 10/90 
samplo, ín which no cGlectro-osmotic flow was produced, the 
pH trond was revorscd. the valuss obtaincd from the anodc 
and cathodo sides woro 5.95 and 6.67, respectively. 

For tho 50/50 (5) samplc, which was trcoatcd with 
۳ 20۳۴01 silver clectrodes, tho pH valuos wore also re= 
vorsod from thosc of ths other electro-osmotic flow produc- 
ing samplcs. This agrccs with thc findings of Wallace (28), 
who also obteincd higher cathods side valucs when using tho 
nickel silvor eloctrodos with illito. The valucs obtained 
with the 50/50 (b) sample werc also in closo agreomont with 
the range of valucs obtainod by Wallacc. the valuo for the 
anodc and cathodo faces wero respectively 6.20 and 10.80, 
where Wallace's values had a 5.7 - 6,1 anods range amd a 
10.65 - 10,8 cathode rango; This indicates there is little 
difference in the pH values produced with kaolin and illite 
when using clcoctrodes of the same matcrial, but that 
Silver silver-chloride 3516 520065 produco values which are 
considerably lower than thosc producéd by nickcl silver 


6 13 © 2260005 ٠ 


K. Changes in Samplo Thickness and Void Ratio 
There was no significant indication of chango in 
sample thickness or consolidation from thc rosults obtained 


during these tests. The only trend appcaring was that the 
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comprossion dial rcadings goncrally indicated a small amount 
of expansion in the sample during the early portion of the 
tests, followed by a small decroase in thickness toa mini- 
mum at about the time that the hoights of rise were around 
60-70 cm. Yor heights of rise in excess of this general 
range, the dial readings indicated expansion of the samples 
again. 

It is not known whether there was actually an ex- 
pansion occurring in the samples, or whether the higher 
heights of piszomstric rise produced pressure heads tending 
to offset the force from the loading assembly, and thus pro- 
duce movensnt of the samples rather than the expansions in- 
dicated by the dial readings. It is felt that the latter is 
definitcly the case, at least to some extent, when tho height 
Of piezometrio riso 03006060 150 cm. 

Sineo no dofinite determinations could bo mede ro- 
sarding changes in sample thickness, only the initial values 


for void ratio were tabulated. These aro shown in Tables l, 


L. Induced -lectrical Forcos in the Sample 
At the conclusion of cach test, arter turning off 
the power and revorsing the loads, it was found that a 
moasurable voltage had becn induced into the samplc-clectrode 
systen. fhe voltage varicd fromwd-.29 volt and the curren 
from .25-,50 ma. for the sample treated with silver silver- 


chloride slectrodes. The highest valucs were obtained from 
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the samples of greatost clay content. For the sample treateä 
with nickel silver electrodes, the voltage was .c volt and 
the current was ,8 milliampere. These values gradually de- 
creased until they were approximately half the initial values 
after a 24 hour period of observation, However, in the case 
of the silver silver-chloride electrodes, the values for 
each sample dropped to approximately ,.05 volt and ,l ma. 
after one hour, then remained steady for a maximum obser- 
vation period of 6 hours. 

1t was noted that the values of induced electrical 
forces obtained in these tests with Kaolin-sand samples 
were lower than those obtained by Wallace (28) With the 
illite-sand samples. vallace!s values ranged from .2 - 7 


volts and from 1.3 - 4,5 millianperes, 


` 308 


۱۰ 
E 





31 





96 
PART VIII 
CCNOLUSIONS AND RECOMIENDATIONS 


A. Conclusions 

The conclusions to be presented here are primarily 
of a general nature, and are based entirely on the results 
obtained and observations made during the series of tests 
that formed the basis of this investigation. More detailed 
conclusions would have been desirable. However, any con- 
clusions must be geared to the conditions and limitations of 
the tests from which they are dsrived. Some or the limiting 
conditions arfecting the conclusions from these tests are 
the relatively short period of timo available for the in- 
vestigation, the limited number of tests conducted, and the 
physical shortcomings or the equipment for providing con- 
clusive results regarding some factors investigated. 

Some of the conclusions from this investigation 
conform to those of other investigators regarding slectro- 
osmosis. Those that might not conform are nevertholess con- 
n od valid ror ths particular conditions, equipment, and 
materials for the tests conducted in this investigation. 

The following are the conclusions reached. 

1, Kaolin-sand mixtures containing at least 20% 
kaolin are susceptible to 016 0 120-0511011 © flow under an ap- 
plied 610 0۳1 1 potential, 


The application of an external electrical‏ و2 
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potential to a kaolin-sand mixture containing an appreciable 
percentage of kaolin produces an e6lectro-osmotic coefficient 
of permeability which is considerably greater than the hy- 
draulic permeability. Thus, a natural kaolin-sand deposit 
will generally be much easier drained by electro-osmosis 
than by natural drainage. 

de The slectro~osmotic permeability of a kaolin- 
sand mixture dopends on the electrode materials, and is 
directly proportional to the kaolin content for electrodes 
of a particular matorial. 

4. Silver Bilvcr-chloride electrodes are highly 
conducive to the production of electro-osmotic flow, and 
are more conducive than nickel silver electrodes to the 
production of electro-osmotic flow in similar kaolin-sand 
mixtures. 

5. ilectro-osmotic treatment of a kaolin-sand 
Mixture with either silver silver-chloride or nickel silver 
electrodes results in lower Atterberg limit values than for 
like untreated mixtures. 

6, ülectro-osmotic treatment of a kaolin-sand 
mixture reduces the hydraulic permeability of the 121-3111126 . 

7. Ihe elsctro-osmotic treatment of a kaolin- 
sand sample in an electrosmomoter with nickel silver elect- 
rodes changes the structure of tho sample into thres distinct 
zones normal to the flow path. 


8.  Eloctro-osnotie treatment of a kaolin-sand 
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mixture in an elsctrosmometer and under a 1/4 Tft.” does 
not produce appreciable consolidation of the mixture, 

9, Kaolin-sand mixtures aro moro susceptible to 
clectro-osnotic flow than similar illite-sand mixtures. 

10. Permanent hardening of kaolin-sand mixtures 
is not produced by eléctro-osmotic treatment with nickel 
Silver electrodes, but some hardening is produccd by silver 
silvor-chloride clectrodos, 

11 و‎ Slectro-osmotic treatment of a kaolin-send 
mixture with silver silver-chlorids electrodes results in 
greater pH values in the water in tho vicinity of the anodo 
than in the vicinity of tho cathode, whcreas treatment with 
1۱1 0۴01 silver electrodes producos higher pH values in tho 
vicinity of tho cathode.» 

12. Tho application of an externally applicd 
elcctrical potential to a kaolin-sand mixture during elcctro- 
osmosis results in small but measurabic induced potential 
emo current flow which arc opposito to the direction of ths 


applied potential and eurront flow, 


B. Rocommondations 
Ihe basic rccommendation to bc made is that further 
Mosaarch involving clectro-osmosis be conducted at Renssclacr 
Folytechnic Institutc. There arce any numbcr of phases of 
the subjcct which might bo invcstigatcd, and any number of 


difforent typos of tcsts which might be conducted. However, 
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only a few gencral recommendations will bec madc here. 

It is rccommonded that additional tests bc con- 
ducted on the cquipmcnt used in this investigation. Tha 
tests Should include additional use of the silver silvcr- 
chloride 01665260065 with clays of the othcr major groups as 
WGll 58 kaolin. In this way, botter comparisons of the 
molative 6121:6615 of eloctro-osmosis on the different clays 
should bc obtained. 

Tosts similar to those of this study, but with 
various potential gradients for eny ons somple would be 
desirable, and provids useful information regarding possible 
mobimum gradients, 

Tests of known mixtures of more than one clay 
would approach conditions in natural soils, and provide 
a better understanding of the effects of clectro-osmosis on 
Bauural fine grained soil dcposits. 

The only recomméndation rogarding the clectrosmo- 
meter is that a piezomctor tubc of greater cross-sectional 
arca be instclled for tests using silver silvor-chloride 
@moctrodcs, in Order to prevent overflow from heights of 


prezomotrio riso in Gcxcess of the height of tho tubo, 
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APPANDTA 
BAY DATA FOR ZACH TEST 
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TABLE Š 
Raw Data 
Sample: 90% Kaolin, 10% Sand 
Type of ilectrode: Silver Silver-Chloride 
Voltage Between tlectrodes: 2.7 Volts 


Sample Thickness at O Hours: 2.272 cm 
Specific Gravity: 2.610 


Current 
Da te Tine Hours (na) 





Comp. Dial 





2/22/58| 0930 12,6 
0945 n jS 
1000 0 1369 
1015 215 13.7 
1030 1.0 14.2 
1100 15 14.2 
1130 2.0 14.2 
1200 05 14.0 
1230 3.0 1225 
1300 359 15.3 
1830 4.0 125 
1400 4.5 1 1 
1500 5.5 5 
1600 645 1980 
1700 5 O 
2230 13.0 11.0 
3/23/58| 0106 1 9.5 


< Ml o. xoc T 





105 
TABLE 4 


raw Data 


Sample; 90% Kaolin, 10% Sand 

Type of nlectrode: Silver Silver-Chlorida 
Voltage Between .:lectrodes: 2.7 Volts 
Sanple Thickness at O Hours: 2.34 cn 
۳۱ 1 110 Gravity: 2.628 





Current Ht. OZ Comp. Dial 


Tine Hours (ma ) Rise (cm) Reading (ins) 
2200 0.0 16.5 0.0 
22319 2: 16,9 1.4 
2250 2:91) 16335 oil 
2245 70 16.5 4.8 
2300 لو‎ 10.0 DZ 
2350 5 1920 1025 
2400 Da) 14.5 13.9 
01.00 3.0 10.9 21.0 
0200 4.0 l5 29.6 
0500 DeO 110 07.8 
0636 G0 1O5 DO. 
0900 LIO T5 c G79 
1000 k çO TOSO 95, 
1200 14,0 1150 171,0 
1400 10%0 gC 125,0 
1700 19.0 10,9 148.8 
1918 2 100 160.8 








TABLE 5 


Raw Data 


Sample: 70% Kaolin, 30% Sand 

Type of “lectrode: silver Silver-Chloride 
Voltage Between 1216 052200685: 1.35 Volts 
Sample Thickness at O Hours: 1.985 cn 


Specific Gravity: 2.655 
| 
Current Ht. of Comp, Dial 
Date Time Hours (na ) Rise (cm) Reading (in) 
4/28/58 | 0900 0.0 50 020 . 2840 
0930 .5 52-5 0.9 .2840 
1000 Teo 5.6 T . 2843 
1100 2.0 Se Ae 2815 
1148 2.8 bao 7 . 2842 
1300 4.0 3 JE . 2842 
1400 50 SI 14.9 . 2841 
1500 5.0 5. 18.8 . 2842 
712 See 550 27.5 . 2843 
2000 11.0 4.7 ره‎ .2846 
2200 1330 RS 46.7 .2850 
2312 14.8 4.4 51. . 2850 
4/29/58 | 0012 1590 AA و‎ » 2850 
0100 16.0 A.4 58.2 . 2850 
0206 ل‎ 6 62.4 . 2850 
0900 24.0 4.3 875?” . 2848 
1115 26.25 422 95.6 , 2844 
1300 28.0 4.1 10125 . 2841 
1530 3075 4. 109.6 ‚2839 
1706 OD. T 21 114.9 , 2855 
2018 o zm 125.8 . 2830 
2200 37.0 4.2 19124 . 2829 
2400 39.0 ne 138.0 . 2824 
4/30/58 | 0900 48.0 4.2 167.3 . 2798 
1090 49.0 4.2 170.1 .2795 
1450 5355 4.4 183.9 ‚2789 
1606 as 4.4 188,9 .2781 
1915 58.25 | 4,4 x 199,3 , 2768 
2215 61.25 5 209.0 . 2746 
5/1/58 0056 63.6 4.5 216.4 2789 
01 06 64.1 mom 21758 2718 
1000 73.0 3.8 | over- 82 
lowing 
dcm em. | 
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TABLE 6 


Raw Data 


Sample: 50% Kaolin, 50% Sand (a) 

Typo of stlectrode: Silver Silver-Chloride 
Voltage Between 3lectrodes: 2.7 Volts 
sample Thickness at O Hours: 2,022 cm 
Emocific Gravity: 2,059 










Current 
Date Time Fours (ma ) 


Hte OT Comp. Vial 
Rise (cm)| Reading (in) 


1015 0.9 427a 
1050 2.0 qu 
1625 re D 2712 
1100 11.9 552 2712 
2120 8.9 ara 
1200 1905 jae 2710 
1230 927 15.1 . 2709 
1300 9.2 18.6 .2708 
1400 8.3 26 2707 
1500 7.6 3456 . 2708 
1700 6.8 49,0 . 2710 
1930 6.4 66.7 . 2712 
2100 65 DOE 2215 
2400 6.3 97,5 oa 
0100 E 105.0 -2715 
0800 6.0 145 5 . 26957 
1000 6.0 15550 .2685* 
1200 GÆL 166.6 .2672* 
1400 2 1 .2660* 
1700 6.0 192.4 20275 
1900 5,09 202.4 .2605* 
2200 e 216,9 و‎ 
2400 555 224.68 NOD 
0130 4.7 DO .1830% 
0848 2,9 21957 .0540* 
1152 20 A .0100% 
1300 3.0 214.7 »6088* 
1500 BRS 218.7 - .0090* 





% 


Readings influenced by movement of sample holder and 
sample under pressure he»d 
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Coup, Dial 
neading (in) 


5 اله 
3-0 ° 
1201. 
ol 208‏ 
1.206« 
18605 . 
1208 
eJ. 206‏ 
Ot‏ 
0 . 
Ls‏ 
لله 
O‏ 
0 
1190. 
1190. 
1200. 
.l211‏ 
1215‚ 
1216. 
«Ac do‏ 
0 . 
0 . 
1224. 
1220. 


readings. 


Large gas bubble released just prior to these 


TABLA 7 
Raw Data 
Sample: 50% Kaolin, 50% Band (b) 


Tyne of 1۵ 0۱0/16: Niciel vilvar 
Voltage Betwesn “lectrodes: 2.7 Volts 


Sample Thickness at 0 Hours: 1.990 om 
Mo fic Gravity: 2.659 






Tine Hours 





© 


4/16/58 










TOU 


OO OOO OR EHO STON O 





13.7 
pu 
CDM 
MD 
oq" 
39,8 
40. 2 
A 
AS Mam 
same 
5 4 , ۳ 
SIS S 
56.4 
OE 
59.6 
0 
56.8 
56.5 
Dl 
















TR AA‏ من م هج 
FH FREAK RD RO DROTT‏ 





سا دی JF‏ حبر و Np OOOO‏ 


° © ® e e ° ° ° . e e 


* 


Height of rise dropped approximately 2 em. 
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TADLE 8 


RAW Data 


Sample: 20% Kaolin, 80% Sand 

Gee Cf Slectrode; Silver Silver-Chloride 
Yoltare Between „loecetrodes; 2.7 Volts 
Simple Thickness at O Hours: 2.270 cn 
Mecitio Crivitye 2.656 












Current 
(ma) 


Comp. Dial 
Reading (irn) 









0.0 O 0.0 A 

Wars E 0,1 0.8 ol vom 

1 ‚50 3.0 pas > kam 

Usb . 75 7.8 Gros 1742 

1800 1.0 76 OS 1742 

2000 550 eo 0.9 ‚1720 

2200 0 5.0 2 1788 

4/6/58 0050 Ps ES 4 „1423 
0842 jT Pace 2.0 1 

1412 2 257 P5 1701 

1600 20 Ca 2.6 1705 

2000 0 2.9 (39 «i 708 

2200 22.0 2.9 335 .1.706 

4/7/58 0648 359.8 D 4. 9 .1692 
TO ARE eo BER .1692 

1300 4440 DE 3 1098 

1300 EMO sæl 6.1 . 10691 

2018 SUO 3.1 6.6 .1690 

2100 5220 os. 6.4 .1689 

2200 Sone 5.8 655 .1638 

1684. 73 5.2 هب مرو 0050 4/8/58 
one 3.0 .1680‏ 64.0 0900 

12102 66.8 SA 857 . 1683 

1200 6720 3.6 None .1688 

1300 68.0 3.6 11.9 .1688 

1500 700 o 12.1 01689 

1600 71.0 3.8 19.7 . 90 

1800 73.0 Sue 19,7 ~ 1690 

4/9/58 OT 80,8 5.9 19.3 1586 
1800 91.0 4.6 58.7 .1588 

1500 94.0 4.8 46.4 01692 
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TABLIG 9 


Raw Data 


Sanpls: 10% Kuolin, 905 Sand 

Be ni 16 6520018 »ilver Silvor-Chloride 
Voltage Between ZLlectroadss: 2.7 Volts 
9۳۵۱4۵ Tnickness at O Hours: 2,198 cn 
reifice Grevityv: 2.709 









CUTTS Comp. Vial 


Reading (in) 





722/58 255 0 1598 
.85 0 21596 

090 0 1595 

"° 0 1594 

1300 1 SL 0 01598 

1400 2 no 0 IS 

1700 5 .0 0 1572 

2200 0 9 0 ¿1556 

22/58 0900 1 .9 0 ¿1858 
1300 B 9 0 1743 

1700 9 .9 0 .1738 

2100 y .9 0 51780 

86/08 0300 3 9 0 A 
1200 .9 0 له‎ 

1800 9 0 .1805 

25/58 0800 .9 0 .1848 
1500 9 0 ¿1075 





m. BE, l () 


Raw Data (pH Values) 


- ۱۲008 | ۵ 
sample Side Side 


Values obtuüined aftar loss cf sample und some intermixing 
or water. 





7 二 P 


No ¢:i detarminetions made dus to loss of sample and ine 
terijixing cf water fcr several nours. 


























